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AN EXPERIMENTAL INVESTIGATION OF MULTI-FUNCTIONAL
Z-PINNED CARBON-EPOXY COMPOSITES

FABIO PEGORIN
BEng, MEng (University of Padua)

Abstract

Carbon fibre reinforced epoxy composites have high specific strength, stiffness and fatigue
resistance whilst being durable and corrosion resistant, and these properties make them suitable
for light-weight aerospace structures. Despite the many advantages, there are some properties
that limit the use of composites in aircraft structures. Carbon-epoxy laminates are susceptible to
delamination cracking due to the low strength and toughness properties of the epoxy matrix and
the fibre-matrix interface. Delamination cracks can grow under relatively low interlaminar loads
resulting in a potential threat to the structural integrity and safety of composite structures. Other
problems with using carbon-epoxy composites in aircraft structures are their low electrical and

thermal conductivities, particularly in the through-thickness direction.

This PhD project aims to experimentally characterise a novel multi-functional carbon fibre-epoxy
laminate that uniquely combines high delamination resistance with increased thermal and
electrical conductivities. These properties are controllably improved using z-pins, which are thin
composite or metal rods inserted in the through-thickness direction of the laminate. The effects
of the volume content, diameter, length and material properties of z-pins on the delamination
fracture toughness, fatigue resistance, impact damage tolerance, and interlaminar strengthening
mechanisms are systematically investigated. In addition, the influence of the material properties
and volume content of z-pins on the through-thickness electrical and thermal conductivities of
carbon-epoxy laminates is determined. Using this information, it is possible to design multi-

functional composites with tailored damage tolerant and electrical /thermal properties.

An extensive literature review is presented in this PhD thesis into the processes used to
manufacture z-pinned composites. The benefits of z-pinning for improving the interlaminar

fracture toughness and delamination fatigue resistance of laminates is reviewed using both
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experimental and finite element modelling research. The thesis also reviews the adverse effect

of z-pins on the microstructure and in-plane mechanical properties of laminates.

An experimental study into the improvements to the mode Il interlaminar fracture toughness and
fatigue properties of z-pinned carbon-epoxy laminates is presented. The effect of z-pin material
on the mode Il delamination properties is investigated using thin rods made of carbon fibre
composite, stainless steel, titanium or copper. Irrespective of the material, the z-pins are highly
effective at increasing the mode II fracture toughness and fatigue resistance. However, z-pins
made of carbon fibre composite prove more effective than metal pins at improving the mode II
delamination properties. Fracture toughening and fatigue strengthening occurs by the z-pins

forming a large-scale crack bridging zone, and these mechanisms are determined.

A follow-on study systematically explores the effects of the volume content, diameter and length
of z-pins on the mode II interlaminar fracture toughness and delamination fatigue resistant
properties of carbon-epoxy laminate. The mode II fracture toughness increases rapidly with the
volume content of z-pins (by 200-300% for every 1% increase in volume content), and this is due
to an increasing number of pins generating bridging traction loads along the delamination crack.
However, there is limiting volume content of z-pins beyond which no further improvements are
gained due to a transition in the mode II fracture mechanism from single to multiple delamination
cracks. The mode II fracture toughness is also influenced by the diameter of z-pins; with thicker
pins being more effective by increasing the length of the crack bridging zone. The z-pin length

also affects the delamination toughness and fatigue properties, and this is examined.

The delamination toughness and fatigue properties of z-pinned laminates are also investigated
under mixed mode [/II interlaminar loading. The toughness and fatigue properties increase with
the mode I component of the mixed I/Il loading, revealing that z-pins are more effective at
resisting the growth of delamination cracks under mode I than mode II (both monotonic or cyclic

loads).

The parameters which control the impact damage resistance and post-impact compressive
properties of z-pinned laminates are experimentally investigated. The effect of the z-pin material
(carbon fibre composite, stainless steel, titanium and copper) and z-pin length (2, 4 and 7 mm)
on the barely visible impact damage response and in-plane compressive properties (pre- and

post-impact) are studied. A large reduction (up to 70%) to the impact damage area was achieved
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using z-pins, with pins made of carbon fibre composite being more effective than metal pins. The
percentage reduction in the amount of impact-induced damage gained by the z-pins increases
with the incident impact energy, and this is because the pins are more effective at resisting the
growth of long delaminations. Pre-impact compression testing reveals the z-pins did not change
significantly the compressive modulus and strength of the laminate. The compression-after-
impact strength of the z-pinned laminates is higher (20% on average) than the unpinned material,

and this is due to the impact damage area being smaller.

The effects of the material type and volume content of z-pins on the electrical conductivity of
carbon-epoxy laminates is investigated experimentally and analytically. The electrical
conductivity was determined in the through-thickness, longitudinal and transverse directions.
The through-thickness conductivity increases at a linear rate with the z-pin content. The
conductivity is also controlled by the z-pin material, and increases in the order of carbon fibre
composite (least conductive), stainless steel, titanium and copper (most conductive). However,
the z-pins did not change significantly the in-plane (longitudinal and transverse) electrical
conductivity of the laminate, and this was due to the inability of the discrete z-pins to create a
continuous pathway for the electric current to flow. A simple model based on rule-of-mixtures
analysis is found to approximate the through-thickness and in-plane electrical properties of z-

pinned laminates.

The effects of the material properties and volume content of z-pins on the through-thickness
thermal diffusivity of carbon-epoxy laminates are investigated. The flash laser method is
implemented into an FE model and used to calculate the thermal diffusivity of the laminates, and
from this the thermal conductivity is computed. An analytical based on the rule-of-mixture is also
developed to predict the effect of z-pins on the thermal properties of the laminate. Analysis
performed using the FE and analytical models give results that show that the through-thickness
thermal conductivity is increased by z-pins, which create a pathway for accelerated heat flow

through the laminate.

This PhD project demonstrates for the first time that by the judicious choice of the volume
content, diameter, length and material properties of z-pins it is possible to controllably tailor the
mode /Il delamination fracture toughness, mode I/Il delamination fatigue resistance, impact
damage resistance, post-impact compressive properties, and through-thickness electrical and

thermal conductivities. Such flexibility will potentially enable aircraft designers to manufacture
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z-pinned composites with improved mechanical, electrical and thermal properties for light-

weight, damage tolerant structures.
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Introduction

Chapter 1: Introduction

1.1 Project Background

For about 30 years, carbon fibre polymer matrix composites have been successfully used in
aircraft structures. Despite their long use there are some factors limiting the use of composites.
Inferior impact damage resistance and low through-the-thickness mechanical properties of
composites when compared to other aerospace materials such as aluminium and titanium alloys
limit their use in some critical aircraft structures which are subjected to high interlaminar
stresses and that are likely to be impacted (e.g. leading edges of wings, inlet fan blades to engines).
Low interlaminar mechanical properties lead to delamination, which is a long standing problem
for composites. Carbon fibre reinforced epoxy composites used in aircraft structures are
susceptible to delamination cracking due to the low strength and fracture toughness of the
polymer matrix and fibre-matrix interface. Delamination cracks are caused by in-service damage
events such as bird strike and other impact events, and due to their adverse effect on the
structural properties of composites there are stringent aviation safety regulations on their
management. The Federal Aviation Administration (FAA) [1, 2] mandates damage tolerant
regulations which specify that delamination cracks within aircraft composites above a critical size
must be repaired or the damaged structures replaced. (The critical size depends on several
parameters including the loading and geometry of the structure and the location of the damage).
FAA regulations permit short delamination cracks to be left unrepaired provided they do not
grow under operational loading and environmental conditions over a specified period of time.
However, aircraft composites are prone to rapid fatigue cracking under relatively low
interlaminar cyclic loads due to the brittle epoxy matrix. Delamination cracks can grow under
mode I or mode Il interlaminar fatigue loads [3-5], and this severely limits the allowable damage
size for aircraft composite structures. New materials are needed to increase the delamination

fracture toughness and fatigue damage tolerance of aerospace composite structures.

Many techniques have been developed to minimize or overcome the delamination problem and
low impact resistance. Techniques include high performance matrix systems (chemical or rubber
toughening), thermoplastic interleaving and plasma treatment of fibres. Driven by the need to
decrease the manufacturing costs and time, increase the impact damage resistance and through-

the-thickness mechanical properties, various approaches to manufacture composites using three-
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dimensional fibre architectures have also been investigated. The through-the-thickness
reinforcement techniques include 3D weaving, stitching, 3D braiding, tufting and z-anchoring.
These techniques are all effective at increasing the interlaminar fracture toughness and impact
resistance of composites, however they cannot readily be used on prepreg materials. This is a
serious limitation because many of the highly-loaded aerospace composite components are made
using carbon-epoxy prepreg tape. The only technique that can be used on prepreg materials in
large commercial quantities is z-pinning. Z-pins are thin rods made of high strength and stiffness

material such as carbon fibre composite or metals.

Z-pins are inserted in the through-the-thickness direction of uncured prepreg laminates, although
the technique can also be used to reinforce fabrics (prior to resin infusion), which are then cured
in an autoclave. The z-pins create an interlocking mechanism between plies through a
combination of adhesion and friction which improves significantly the delamination resistance of

composites.

Modern aircraft structures require multi-functional materials able to provide high
structural/mechanical properties combined with suitable thermal and electrical performance.
Increased engine performance and increased flight speed are only two of the reasons why the
thermal load on modern aircraft is increasing and is estimated to reach 10 MW within the next
few years [6, 7]. Cooling of components such as leading edges to supersonic aircraft, surrounding
areas to the auxiliary power unit (APU), and hydraulic pump enclosures all need high heat
transfer capability to efficiently and rapidly dissipate heat. A limitation of carbon fibre composites
is their low in-plane and through-thickness thermal conductivities, which is much lower than
aircraft grade aluminium alloys. The need exists to tailor the thermal properties of composite to
increase their thermal management for aircraft structures. One possible but not yet investigated

solution, is to increase the through-thickness thermal conductivity using z-pins.

There is also a desire to provide composite materials with, among other integrated functions,
improved electrical conductivity. Compared to aluminium, composite materials are more
susceptible to damage caused by lightning strikes due to their lower electrical conductivity [8]. A
lightning strike can deliver 10-200 kA in less than a second, and this large amount of energy must
be rapidly dissipated from an aircraft. The concern is not just limited to the damage of the
composite, but there is also the risk involving damage to electronic on-board equipment. This

includes damage from current flowing into the on-board systems such as hydraulic fuel lines,
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electrical wiring, fuel and vent tubes. It is feasible that z-pins can be used to improve the electrical

conductivity of composites, along it remains to be proven.

1.2 Aim and Scope of PhD

This PhD project aims to develop and characterise a novel multi-functional composite material
for aerospace structures that combines high structural performance and damage tolerance with
thermal and electrical management. These properties will be controllably tailored in composites
using the through-the-thickness reinforcement technology known as z-pinning. Z-pins are
currently used on a few military aircraft types (FA-18 E/F Super Hornet) and F1 cars, although

their functionality has been limited to increased damage tolerance and joining.

This PhD project makes a major technological advance in the characterisation of a new class of z-
pinned composite that combines multi-functional properties including thermal management,
high electrical conductivity, improved delamination toughness, delamination fatigue resistance
and damage tolerance whilst retaining high in-plane mechanical performance (e.g.
tension/compression stiffness and strength) and light-weight. The project involves an
experimental study into the increased delamination toughness and delamination fatigue
resistance obtained by z-pins under different interlaminar loading conditions. The project also
involves an original study into the analysis and experimental evaluation into the use of z-pins to
controllably tailor the through-thickness thermal and electrical properties of composites. It is
shown that z-pins can be used for the thermal management (increased thermal conductivity) and
electrical management (increased electrical conductivity). Increased thermal conductivity will
allow composites to dissipate heat more readily, which will potentially increase their applications
in high temperature components. Increased electrical conductivity will allow composites to
dissipate more effectively electrical charges resulting from lightning strikes, potentially
eliminating the current requirement for expensive metallic meshes used in composites aerospace
structures. However, more extensive research is needed before z-pins can be considered as an
effective approach to prevent damage from lightning strikes on composite aircraft. The vision that
the mechanical, electrical and thermal properties can be controlled using z-pins depends on
extensive and in-depth research and development of these composite materials. The work

presented in this PhD thesis makes some progress towards this vision

1.3 Format of PhD Thesis

An extensive review of the scientific and technical literature on z-pinned composites is presented

in Chapter 2. Aspects such as the need to find large-scale and cost-effective techniques to improve
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the damage tolerance on composites are described, and the z-pinning technique is introduced.
The most relevant published research works performed into the manufacture, microstructure,

damage tolerance and mechanical properties of z-pinned composites are reviewed.

Chapters 3, Chapter 4 and 5 present experimental investigations into the mode Il and mixed mode
[/1I interlaminar fracture toughness and delamination fatigue resistant properties of z-pinned
composites. The effects of the material, volume content, length and diameter of z-pins on the
interlaminar properties on the mode II and mixed mode I/Il interlaminar properties are
determined. In addition, the effect of these z-pin parameters on the fracture toughening and

fatigue strengthening mechanisms are identified.

The effect of the material and the length of z-pins on the impact damage resistance and in-plane
compression properties of carbon-epoxy laminates is experimentally investigated in Chapter 6.
Z-pinned composites were impacted at different incident energy levels and their post-impact
compressive properties were determined. Z-pins increase the impact damage resistance of
composite laminates, with the percentage improvement being dependent on the length. The in-
plane compressive properties are not significantly affected by the z-pins, although because of the
reduced impact damaged area the post-impact compressive strength is higher for z-pinned

laminates.

Chapter 7 presents an experimental investigation into the electrical properties of z-pinned
laminates. Z-pins create preferential paths for current flow in the through-thickness direction
thereby proving an effective technique to increase the electrical conductivity. On the other hand,
it was found that the in-plane electrical properties are not affected significantly by z-pins. Similar
conclusions can be drawn when referring to the thermal diffusivity of z-pinned laminates
reported in Chapter 8. An FE model is developed and used to calculate the effects of the volume
content and material type of z-pins on the thermal properties of carbon-epoxy laminates. Z-pins,
which are characterized by high heat transfer properties, have a significant effect on the through-

thickness thermal diffusivity of composites.

Chapter 9 summarises the major findings and conclusions of the PhD project.
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Chapter 2: Literature Review

2.1 Z-pinned Composites

Light-weight, high in-plane stiffness, strength and fatigue resistance as well as corrosion
resistance are some of the properties that make composite materials useful for aerospace
structures. However, composites have some drawbacks; in particular their susceptibility to
delamination cracking due to the low strength and fracture toughness of the polymer matrix and
fibre-matrix interface. The amount and type of damage caused by an impact event depends on
many parameters, including the properties and ply orientations of the composite, the shape and
kinetic energy of the impacting object, and the boundary conditions [9]. Wang et al. [10] showed
experimentally and numerically that impact-induced delamination cracks in carbon-epoxy
composites can significantly reduce the tensile properties. Delaminations caused by impact can

also reduce the compression properties and buckling resistance [11].

Z-pins (Figure 2.1) are generally made from carbon fibre composite or metal (e.g. steel, titanium
alloy). Once inserted and cured within the prepreg laminate, the pins will provide a locking
mechanism between the plies through a combination of friction and adhesion. The volume
content, diameter, length and material properties of the z-pins can be controllably tailored to

achieve the desired level of damage resistance.

Figure 2.1. SEM photograph of a composite z-pin.
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Z-pins are currently used on the F-18 E/F Superhornet jet fighter (Figure 2.2) as a substitute to
titanium fasteners in the air inlet ducts and engine bay doors [12]. This has resulted in a cost
saving of about $83,000 as well as in a modest weight reduction of 17 kg for each aircraft [13].
Partridge et al [13] estimated that using z-pins in aircraft can reduce the expenses of drilling and
installation of metal fasteners by about 70%. The only non-aerospace application of z-pins
technique is for Formula 1 cars (Figure 2.3) where they have been used to reinforce the composite

roll cage [14].

Figure 2.2. Super Hornet F/A-18E/F fighter: Carbon fibre composite z-pins used in the air inlet
ducts, which is circled.

Figure 2.3. Jaguar R3 F1 Car. Z-pinned roll hoop, which is circled. [14].

2.2 Z-pinned Laminates: Manufacturing
Z-pinning is currently the only technique capable of the through-thickness reinforcement of
prepreg-based carbon fibre-epoxy composites in large commercial quantities. Z-pins are inserted

in the through-the-thickness direction of uncured prepreglaminates; although different insertion
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techniques can be used. The most common technique is the Ultrasonically Assisted Z-Fiber®

process (UAZ), which is schematically represented in Figure 2.4.
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Figure 2.4. Schematic representation of the UAZ z-pinning process. Low density foam carrying z-
pins is placed onto the uncured laminate (A-stage). UAZ through several steps is used to push the
z-pins into the laminate (B-stage). Z-pin length in excess is sheared away with a cutting tool (C-
stage) [15].

A two-layer foam consisting of an upper dense foam (such as 511G Rohacell) is used to accurately
locate the z-pins and lower density foam is used to collapse under the pressure of an UAZ tool to
force the pins into the uncured prepreg. The flat head of the tool vibrates at 20 kHz, and this
induces an axial vibration to the z-pins. The pins are gently inserted via the combination of
applied pressure and vibration-induced heat which softens the uncured polymer matrix. After the
z-pins are inserted the collapsed foam and the excess z-pin length is sheared away using a cutting
tool. Other techniques have been used to insert z-pins into prepreg material. The low density z-
pin foam carrier can be compressed via vacuum bagging and the overpressure generated by an
autoclave [16]. The combined heat and high pressure force the foam to collapse and thereby

insert the z-pins into the laminate.

2.3 Microstructure of Z-pinned Laminates
After inserting fibrous or metal z-pins into an uncured prepreg, the microstructure of the

laminate is changed. Generally the microstructural changes have an adverse effect on the in-plane
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mechanical properties. In this section, research into the effect of z-pins on the microstructure of

composites is reviewed.

2.3.1 Fibre waviness and crimping

One of the main changes to the microstructure due to z-pinning is fibre waviness. Fibres are
pushed aside to create space for the z-pins, thereby creating fibre waviness (Figure 2.5). Fibre
misalignment is higher at the flanks of the resin pockets [17]. The amount and extent of fibre
waviness is dependent on the volume content and diameter of the z-pins, respectively. Chang [18]
experimentally measured the effects of the volume content and diameter of z-pins on the fibre
waviness. It was found that the volume fraction of fibre waviness increases linearly with the z-
pin content (Figure 2.6a) and the waviness length (W) and misalignment (0) increases linearly

with the z-pin diameter (Figure 2.6b).
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Figure 2.5. (a) SEM photo and (b) schematic of region of wavy fibres surrounding a z-pin [15].
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Figure 2.6. Effects of (a) volume content and (b) diameter of z-pins on fibre wavinaess in a
unidirectional carbon-epoxy laminate [18].

Crimping of fibres in the z-pin insertion direction is another type of microstructural change to
laminates (Figure 2.7). Crimping is caused by the z-pins pushing segments of the in-plane fibres

towards the through-thickness direction.

(@) (b

~

Figure 2.7. (a) SEM photo and (b) schematic of a cross-section of a z-pinned laminate showing
fibre crimping [15].

2.3.2 Resin-rich zones
The formation of resin-rich region is a consequence of fibre waviness in the proximity of z-pins.
The z-pins create voids which are subsequentially filled with resin during curing of the laminate

(Figure 2.5). In laminates with high z-pin volume content, the pins are very close to each other
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(around 1 mm) and this can cause continuous resin-rich channels to form in the fibre direction

(Figure 2.8).

Figure 2.8. Resin-rich channel along a row of z-pins [15].

2.3.3 Z-pin interfacial micro-cracking

Due to the different thermal expansion coefficients of z-pins and the host laminate, the pins can
experience interfacial debonding during curing (Figure 2.9). Sweeting and Thomson [19] used FE
analysis to predict that cracks occur at or near the matrix z-pin interface because the residual
tensile stress surrounding z-pins is about four times higher than the far-field residual stress. The
residual stress at the laminate/z-pin interface is larger than the laminate/z-pin interface strength

causing partial or complete interfacial cracking.

!‘\;y A

"llf' X ‘h\\

Figure 2.9. Z-pin laminate interfacial cracking [15].
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2.3.4 Laminate swelling

Swelling is the average reduction of fibre volume content of the laminate caused by z-pins [13,
20, 21]. It is caused by the laminate expanding in order to accommodate the z-pins as well as the
z-pins opposing through-thickness consolidation of the laminate during curing within an

autoclave.

2.3.5 Z-pin misalignment

Despite the foam carrier which laterally supports and precisely locates the z-pins during
insertion, the pins are unlikely to be perfectly aligned in the through-thickness direction. This is
due to lateral loads being inadvertently applied during insertion combined with lateral forces
applied during shear cutting of the excess pin length after insertion. When manual UAZ® is used
for the insertion, the z-pins are inclined over a range of angles from the through-thickness

direction (Figure 2.10).

0.28 mm Z-pins

25 4

Proportion of Z-Pins (%)
d ¢ 8
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Figure 2.10. Z-pins off-set angle distribution in a carbon-epoxy laminate [18].

2.4 Z-pinned Laminates: Improvement to Mechanical Properties
2.4.1 Introduction
A large amount of experimental, numerical and analytical research has been conducted to

evaluate the mechanical properties and failure mechanisms of z-pinned composites. Studies have
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mainly focused on the improvements to the interlaminar properties such as delamination

fracture toughness and impact damage resistance.

2.4.2 Experimental determination of the delamination fracture toughness

Delamination cracking is one of the main failure modes for composite materials and structures.
Crack propagation in a composite can results in a loss in stiffness and strength, and potentially
leads to catastrophic failure. A large number of numerical and experimental studies have been
performed on the modes I and II interlaminar fracture toughness properties and delamination
toughening mechanisms of z-pinned composites [15, 22-37]. The Double Cantilever Beam (DCB),
the End Notch Flexure (ENF) and the Mixed-Mode Bending (MMB) tests are the most common
techniques used to experimentally measure respectively the mode I, mode II and mixed I/1I
delamination properties of z-pinned composites and other types of fibre-polymer laminates

(Figure 2.11).
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Figure 2.11. (a) Double Cantilever Beam (DCB), (b) End Notch Flexure (ENF) and (c) Mixed-Mode
Bending (MMB) tests.

The mode I, mode Il and mixed I/II delamination toughness of z-pinned composites increase with
delamination crack length up to a steady-state toughness condition [6, 22, 23, 25, 28, 36-46]
(Figure 2.12). The progressive increase in fracture toughness is due to the formation of a large-
scale crack bridging zone in which an increasing number of z-pins bridge the delamination. Cartié
et al. [34] have experimentally determined the mode I and mode II delamination toughness
properties of an aircraft-grade carbon-epoxy laminate. Examples of the improvements to the
fracture toughness (G, G;;) properties due to z-pins is shown in Figure 2.13. In this study, the
mode I and mode II delamination toughness are improved by 15 and 8 times respectively, and
both toughness properties increase linearly with the volume content of z-pins. Z-pins create a
large-scale bridging zone along the delamination which reduces the stress acting at the crack tip

and thereby increases the interlaminar fracture toughness.
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There is a transition in the stability of the fracture process with z-pinning. Cracking of z-pinned
laminates usually occurs as stick-slip propagation. The crack slows down when reaching the z-
pin locations (stick), and once the pin has debonded from the laminate and pulled-out at the rear
of the bridging zone then the crack advances (slip). In comparison, unpinned laminates with a
brittle polymer matrix experience unstable (rapid) delamination failure. A different fracture
sequence is involved for z-pinned composites where the crack shows stick-slip behaviour.
Scanning electron micrograph revealed substantial changes in the failure mode of the z-pins for
the different loading conditions. Under mode I the z-pins debond and are pulled-out with
increasing crack opening (Figure 2.14). In-plane shear tests performed by Cartié et al. [34] under
mode II loading the z-pins initially debond from the laminate and then are damaged by splitting

and shear fracture (Figure 2.15).
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Figure 2.12. R-curves showing the effects of the volume content and diameter of z-pins on the (a)
mode | and (b) mode Il delamination toughness (Gi, Gic). UDIMS/924 identifies the carbon-epoxy
tape used whilst 2%/0.51 mm identify the volume content and diameter (in mm) of the z-pins [34].
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Figure 2.13. Effect of the z-pin volume content on the mode | and mode Il delamination toughness.
Carbon-epoxy composite was reinforced with composite z-pins 280 um in diameter [15].

Figure 2.14. Optical microscope image showing the crack surface of a z-pinned composite which
experienced mode | delamination cracking [35].
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Pullout Internal shear failure Transverse shear failure

L) |

Figure 2.15. Sequence of the failure mechanism for a z-pin loaded in mode Il. The z-pin partially
debonded from the laminate and then experienced partial pull-out, splitting and finally shear rupture
under increasing crack sliding displacement [34].

Mouritz and Koh [29] developed an analytical model to calculate the mode I bridging force
generated by z-pins that takes into account parameters such as the misalignment, interfacial
cracking and porosity (Figure 2.16). As mentioned, z-pin offset insertion angle is due to the
manufacturing process. Interfacial cracking around z-pins is mainly due to residual stresses
generated by a large difference in the thermal expansion coefficients of the z-pins and host
laminate. The model also accounts for porosity in z-pins. The z-pin traction loads calculated using
mechanical analysis are compared against experimental loads measured using pull-out test and
are shown in Figure 2.17. The agreement between the predicted values and experimental data
was good for the z-pinned laminate used in the study, and the modified traction load can be used
to provide a good prediction of the effects of length, porosity, misalignment and interfacial

cracking of z-pins.
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Figure 2.16. Microstructural parameters affecting the z-pin traction properties. (a) Typical off-angle
distribution percentage of z-pins, (b) z-pin/laminate interface crack and (c) voids in a z-pin [29].
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Figure 2.17. Effect of laminate thickness on the mode | maximum traction load and failure mode of
a z-pin. The predicted values compared with experimental test data [29].

Cartié et al. [36] investigated the z-pin bridging toughening mechanisms under increasing crack
opening (mode I) and crack sliding (mode II) displacements. Titanium and carbon fibre z-pins
were embedded into cuboidal-shaped coupons containing a pre-existing delamination crack
along the mid-plane. The coupons were bridged by a single z-pin. Under crack opening loading
the z-pin always pulled out from one side of the coupon, with barely visible splitting of the
laminate. Under mode I loading the failure mechanism is dominated by elastic tensile deformation
of the z-pin (initial linear region of the bridging traction in Figure 2.18a), debonding of the z-pin,
followed by pull-out from the laminate. Shear tests also exhibited three main stages of failure.

Prior to pull-out, and then the z-pin elastically shear deforms and then starts to debond. It was
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found that the angle of insertion affected the mode II failure mechanisms of the z-pin, which
experienced pull-out or shear fracture when aligned with or against the nap, respectively (Figure

2.19).
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Figure 2.18. Crack bridging traction load-displacement curves for (a) mode | and (b) mode Il of a
single carbon-fibre z-pin.The numbers on Figure b indicate the z-pin angle [36].
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Figure 2.19. Effect of z-pin misalignment on the shear fracture mechanisms (a) with the nap and (b)
against the nap [36].

2.4.3 Modeling the delamination fracture toughness of z-pinned laminates

Many research studies have been published aiming to model the delamination fracture behaviour
of z-pinned composites, and different modelling approaches have been used. Some finite element
models analyse the z-pinned delamination region as a cohesive zone with the fracture toughness
computed by averaging the pin bridging forces over the entire crack area [26, 47]. Other models
use non-linear springs located at the z-pins to compute the crack bridging traction loads, and from

this the fracture toughness is computed [22, 23, 48].

In this section, published research into modelling the delamination fracture properties of z-
pinned composites is reviewed. The double cantilever beam is the most common geometry used
to model the mode I delamination toughness of z-pinned composites (Figure 2.20). Grassi and
Zhang [44] developed a micro-mechanical FE model consisting of thick shell elements to model
the laminate and non-linear interface elements to simulate the z-pins. The model is capable of
analysing mixed-mode loading and different z-pin insertion angles. The model also computed the
traction forces generated during pull-out and lateral ploughing of the z-pins. The numerical
output of the FE model is a relation between the z-pin traction loads at the delamination surface
and the crack opening displacement, and close agreement is found with the experimental data

(Figure 2.21).
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Figure 2.20. Schematic representation of the FE model for a z-pinned DCB laminate [44].
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Figure 2.21. Load (P)-displacement (6) curves for a z-pinned DCB laminate. Experimental results
are accurately predicted with the FE model [44].

FE models are capable of analysing the three main toughening mechanisms induced by z-pins
under mode I loading: elastic deformation, debonding and pull-out from the laminate (Figure
2.22a). Z-pin pull-out is the main toughening mechanism under mode I loading; accounting for
~80% of the total toughening effect [30]. Toughening under mode Il loading is more complex, with
the carbon fibre composite z-pins experiencing longitudinal splitting to accommodate large
transverse shear deformations and, depending on the pin arrangement, the pins will

subsequently pull-out or shear fracture (Figure 2.22b). While experiencing pull-out an enhanced
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traction stress is generated, known as snubbing, induced by z-pin being pushed laterally into the

laminate [33].

Cui et al. [32] developed a FE model to analyse the crack bridging mechanisms of z-pinned

laminates subjected to mixed I/II loads. The cohesive zone method was used to compute the

longitudinal splitting/rupture of z-pins. It was computed that shear traction loads generated by

bridging z-pins increase with the mode II ratio because of the snubbing effect close to the

delamination crack. The FE model was validated, showing good agreement with the experimental

results for different mixed-mode ratios. Figure 2.23 presents the calculated opening load applied

to the cracked-end of the z-pinned DCB coupon against the opening displacement generated at

the same location. The model is validated for both the unpinned and z-pinned laminates.

(@)
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Figure 2.22. FE modelling of the (a) mode | and (b) mode Il failure mode of a z-pin [32].
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Figure 2.23. Load-displacement curves for unpinned and z-pinned laminates subjected to (a) mode I,
(b) mode Il and (c) mixed I/ll loads (Gu/Gror = 20%) [49].

Yan et al. [50] performed FE modelling using non-linear springs to simulate the z-pins (Figure
2.24a). The z-pins are defined using a non-linear spring system, with the springs uniformly
distributed and arranged on the nodes. Mode I DCB tests performed by Cartié and Partridge [51]
were used as reference experimental data to prove the accuracy of the FE model, and excellent

agreement was found (Figure 2.24b).
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Figure 2.24. (a) FE model for the cross-section of the pin-laminate and (b) comparison between the
experimental data and model predictions z-pinned DCB coupon [50].

Bianchi and Zhang [52] developed a FE model to calculate the mode II delamination fracture
toughness of z-pinned composites. The model implements two distinct crack bridging traction-
separation laws to compute the mode Il interlaminar toughness. The toughness of the unpinned
laminate governs the law for the unpinned region whereas for the z-pinned region a multi-scale
model was developed accounting for the z-pin failure modes of rupture or pull-out. The resultant
bridging laws are implemented into a full-scale ENF model of the z-pinned laminate (Figure 2.25).
The FE model accounts for lateral elastic deformation of the composite when the pin is laterally
deflected (Figure 2.26). The lateral elastic coefficient is determined by the stiffness of the

surrounding material. The model was validated by comparison with experimental data resulting
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in a good prediction for both the bridging effect and the load-displacement response for the ENF

model of the z-pinned laminate (Figure 2.27).
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Figure 2.25. (a) Unit-cell model used to determine the mode Il bridging traction laws implemented
into (b) full-scale ENF model of the z-pinned laminate [52].
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Figure 2.26. Details for the single-pin mode Il unit-cell for the evaluation of the mode Il crack
bridging zone along a delamination [52].
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Figure 2.27. Comparison between experimental and FE predictions for the (a) unit-cell model and
(b) ENF sliding force-displacmeent curve [52].

2.4.4 Delamination fatigue properties of z-pinned laminates

Delamination cracks can grow under relatively low cyclic interlaminar stresses caused by fatigue
loading [3-5, 53]. Once a delamination has reached a certain length then catastrophic failure can
occur via rapid, unstable crack growth through the composite. The delamination properties of z-
pinned composites under fatigue loading are not well known, and there is only a small amount of
published research work that has investigated the fatigue properties and fatigue strengthening

mechanisms.

Cartié et al. [35] experimentally investigated the improvements to the mode I and Il delamination
fatigue resistance of carbon-fibre epoxy laminates reinforced with carbon fibre z-pins.
Interlaminar fatigue tests were performed on laminates reinforced with two z-pin contents (2
and 4 vol%), and the fatigue results were compared against an unpinned material. The research
revealed that increasing the volume content of z-pins slows the crack growth rate per load cycle
because of bridging loads generated by the pins. However, a direct comparison between the
fatigue resistance of the z-pinned composites and unpinned laminate was not possible because of
inconsistency of the test procedure. Fatigue tests were performed under displacement control
and load control for the unpinned and z-pinned materials, respectively, making it impossible to

directly compare the crack growth rates (Figure 2.28).
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Figure 2.28. Mode | fatigue crack growth rates for unpinned and z-pinned composites [35, 54].The
legend indicates the type of material tested and the loading-control conditions.

As previously discussed, when an increasing mode I crack opening load is applied then the z-pin
response usually involves three stages: elastic deformation, debonding and finally pull-out.
Fractographic examination of the DCB fatigued samples performed by Cartié et al. [35] revealed
that z-pins when subjected to mode I fatigue loading do not pull-out, but instead fracture close to

the delamination crack plane, as shown in Figure 2.29.

i

2
AccV SpotMagn Det WD Exp F—— 200pm AccV Spot Magn  Det
160kV 650 76x GSE 116 0 0.7 Torr TZAA-10 150kV 650 260x GSE 133 0 0.8 Torr TZAA-10

Exp A 100 pum

(@) (b)

Figure 2.29. Mode | (a) static and (b) fatigue failure mechanisms of a z-pin [35].

Pingkarawat and Mouritz [28] experimentally studied the mode I delamination fatigue properties
of z-pinned composites. The effects of the volume content (0.5, 2 and 4%), diameter (280 and 510
um) and length (2, 4 and 8 mm) of z-pins on the fatigue properties and fatigue strengthening

mechanisms were determined. Paris curves showing the effect of these parameters is presented
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in Figure 2.30. Z-pins significantly increase the mode I delamination fatigue resistance over the
entire range of cyclic stress intensity factors, from the threshold cyclic stress intensity required
to initiate delamination cracking to the stress intensity range necessary to cause unstable crack
growth. The delamination crack growth rate rapidly slows down with increasing volume content
of z-pins content up to a limiting value of 2%, above which the fatigue process transitioned from
a single to multiple cracks growing in parallel. This was believed to be caused by the delamination
fatigue resistance being so high that was energetically more favourable to splitinto multiple crack
paths (Figure 2.31). Fatigue loading caused z-pin/laminate interfacial cracking, and this occurred
irrespective of the volume content. Cracks developed at the interface between the z-pins and
laminate and then progress in length along the interface until the z-pins has completely pulled-

out (Figure 2.32b).
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Figure 2.30. Effects of the (a) volume content, (b) diameter and (c) length of z-pins on the mode |
Paris curves of carbon-epoxy laminate [28].

45




Literature Review

Main Delamination Crack

(a)
P
Multi Delamination Cracks
Main Delamination Crack
l :
(b)

Figure 2.31. Transition in the delamination fatigue cracking process from (a) single crack to (b)
multiple cracks with increasing z-pin content [28].

The mode [ delamination fatigue resistance is also affected by the z-pin diameter. It was found by
Pingkarawat and Mouritz [28] that thin z-pins were the more effective at resisting fatigue
cracking because of the higher interfacial contact area compared to thicker pins (Figure 2.30b).
Paris curves reveal that the fatigue resistance increased rapidly with the z-pin length up to 4 mm,
beyond which no further improvements were obtained (Figure 2.30c). This occurred because of
the high interface strength for long (8 mm) z-pins which causes them to rupture instead of
pulling-out. The fracture and fatigue failure mode are also dependent on the material properties
of z-pins. Pingkarawat and Mouritz [55] found that the fatigue strengthening capacity was
dependent on the material properties of the z-pins, and increased in the order of: copper (being

the least effective), titanium, stainless steel and carbon fibre.
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Figure 2.32. (a) Cross-section of a z-pin bridging a mode | fatigue delamination crack and (b) mode
| delamination fatigue crack surface showing pull-out of z-pins [28].

Zhang et al. [54] experimentally investigated the deterioration of the mode I crack bridging
traction loads of z-pins due to fatigue. Carbon-epoxy laminates were reinforced using two volume
contents (0.5, 2%) and diameter (280, 510 pm) of z-pins, and were then tested under cyclic
opening (mode I) loading. Reductions to the debonding and friction pull-out forces of the z-pins
was measured over a range of fatigue crack opening displacements (50% and 80% of the ultimate
debonding displacement). It was found that the maximum debonding and frictional forces

decreased with increasing number of load cycles, however, the frictional force degraded at a

higher rate (Figure 2.33).
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Figure 2.33. Pull-out load-displacement curves for (a) thick and (b) thin z-pins after increasing
number (N) of mode | load cycles [54].
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2.4.5 Compression properties and impact resistance of z-pinned laminates

Experimental research has proven that z-pins can reduce the amount of delamination damage
caused by impact events from low energy objects, ballistic projectiles and large hailstones [43,
56, 57], and this is because of the improved interlaminar fracture toughness properties. Zhang et
al. [58] investigated the impact damage resistance and the pre- and post-impact compression
properties of z-pinned laminates. Z-pinned samples were made using carbon-epoxy with
different thickness (2, 4 and 6 mm), and impacts were performed at several energy levels. It was
found that z-pins were effective at increasing the impact damage resistance, with the impact
damage area being reduced by between 19% and 64% depending on the laminate thickness and
impact energy (Figure 2.34). Also, z-pins can increase the post-impact compressive strength by

about 45% (Figure 2.35), although the amount of improvement depends on the thickness/impact

configuration.

3000

z Ky
E 2500 ”% oK
2 2000 .- %6 mm unpinned
£ K
£ 1500 e
- 4 mm unp%
o
&' 1000 e — .Y
£ Y.
a 500 AeeT - 6 mm pinned
E, 2 mm pinned 4 mm pinned
0 B & unpinned
0 5 10 15 20 25 30 35 40 45
Impact Energy (I)

Figure 2.34. Effect of impact energy and laminate thickness on the impact damage area for
unpinned and z-pinned laminates [58].
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I[sa et al. [59] experimentally investigated the impact damage resistant properties of quasi-
isotropic carbon fibre-epoxy composite reinforced with different volume contents of z-pins (0,
0.5, 2 and 4%). The composites were impacted at different energies, and the damage resistance
was quantified by ultrasonically measuring the impact damage area. The damaged area was
reduced significantly by z-pins (up to about 50%), however the z-pins were ineffective at impact
energies below ~17 | (Figure 2.36). This phenomenon was due to z-pins not significantly
increasing the mode I and Il delamination toughness for short delamination cracks (up to 10 mm).
For higher impact energies the impact damage increases in size (above 10 mm) and then z-pins

become effective and larger improvements were observed.
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Figure 2.36. Effect of incident impact energy and volume content of z-pins on impact damaged area
and length. Z-pins are effective when impact energy is above 17 J [59].

Compression fatigue tests were performed by Isa et al. [59] at different maximum cyclic stress
levels ranging from 80% (close to the fatigue endurance limit) to 98% of the ultimate compressive
strength (UCS). Compression fatigue tests show that z-pins have a detrimental effect on the in-
plane compression properties. The fatigue life, compression modulus and strength decrease with
increasing volume content of z-pins, and there is no improvement in the post-impact compressive
properties on samples impacted at low energy levels (under ~17 ]). However, following high-
energy impact loading the compression strength and fatigue resistance are higher for z-pinned
laminates, and the benefits improve with the pin content and this is because of their capacity to

reduce the impact damage area.
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All the studies performed on z-pins have considered solid rods of circular section embedded in
prepreg materials. Knaupp and colleagues [60] experimentally investigated the impact damage
resistant properties of composites reinforced with circular or rectangular z-pins (Figure 2.37).
The damage area was reduced by up to 60% with rectangular z-pins. Knaupp et al. claim that
rectangular z-pins provide laminates with higher impact damage resistance compared to circular
z-pins due to a presence of twice as many rectangular pins for a given areal density compared to
circular pins, which only reduce the damage by ~35% (Figure 2.38a). The post-impact

compression strength of composites with rectangular z-pins were also higher (Figure 2.38b).

(@) (b)

Figure 2.37. SEM photo showing (a) rectangular and (b) circular z-pin [60].
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Figure 2.38. Effect of impact energy on the (a) impact damage area and (b) post-impact
compressive strength for unpinned laminate and composites containing circular or rectangular z-
pins [60].
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The effect of hot (75°C) and wet (85% relative humidity) environmental conditions on the impact
damage resistance of z-pinned composite was experimentally investigated by Mouritz [30]. [t was
found that both increasing the impacting energy (Figure 2.39) and the hot-wet (Figure 2.40)

exposure time lead in increased impact damage.
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Figure 2.39. Effect of the incident impact energy on the delamination damage on unpinned and z-
pinned laminates [30].
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Figure 2.40. Effect of the hot-wet exposure time on the impact damage area for the unpinned and
z-pinned laminates impacted at (a) 12 and (b) 24 J [30].
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2.5 In-Plane Mechanical Properties of Z-Pinned Laminates

While z-pinning is efficient at improving the interlaminar properties of composites, there are
some adverse effects which are a direct consequence of changes to the laminate microstructure
caused by the pins. Changes to the microstructure can reduce the in-plane mechanical properties
such as elastic modulus, ultimate strength and fatigue life [16, 17, 21, 43, 61-68]. Reviewed is the
most significant published research into the in-plane mechanical properties of z-pinned

laminates.

2.5.1 In-plane tensile properties of z-pinned laminates

The effect of z-pins on the tensile strength and modulus was experimentally and numerically
determined by Craig et al. [68]. It was found that the z-pinned laminates experienced an early
failure due to stress concentration surrounding the pin sites, and this was reflected in the tensile
strength being reduced by up to about 27% at a z-pin volume content of 2%. Craig et al. also
reported that z-pins do not have any effect on the in-plane tensile modulus. Mouritz and Chang
[67] experimentally investigated the effect of z-pin content on the tensile modulus and strength
of carbon/epoxy laminates. The effect of different ply stack sequence (i.e. unidirectional, quasi-
isotropic and bias) was also determined. It was found that the tensile modulus was largely
unaffected by the z-pins up to a volume content of 4% (Figure 2.41a), although it is suggested that
the stiffness could be reduced at higher contents. The tensile strength reduced at a linear rate
with increasing z-pin content (Figure 2.41b), with a unidirectional laminate being more sensitive

than the other ply orientation.
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Figure 2.41. Effect of z-pin volume content on the (a) elastic modulus and (b) tensile strength of
carbon-epoxy laminates with different ply orientations [67].
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The tensile fatigue properties of z-pinned laminates have also been investigated. S-N curves show
that there is a significant reduction in the fatigue life of laminates due to z-pins (Figure 2.42). The
percentage reduction in fatigue performance is larger for fibre dominated laminates (i.e.
unidirectional) due to different mechanisms controlling the initiation and growth of fatigue

damage.
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Figure 2.42. Effect of the stacking sequence for the unpinned and z-pinned materials on the tensile
fatigue life. The z-pinned laminates were reinforced with a volume content of 4% [67].

Other studies have also reported small reductions to the in-plane properties due to z-pinning.
Dickinson et al. [63] used a FE model of a z-pinned laminate to calculate the reduction to the in-
plane and through-thickness elastic properties. Four different laminate stack sequences were
analysed: cross-ply [0/90], bias [45/-45], unidirectional [0/0] and quasi-isotropic [45/0/-
45/90]. The effect of z-pins on the longitudinal and transverse elastic modulus is shown in Figure
2.43. As reported by Mouritz and Chang [67], the percentage reduction to the longitudinal
modulus is greater for fibre dominated laminates (5 to 10% in reduction). It was found that z-
pins do not have a significant effect on the through-thickness modulus.

Other studies such as the 3D finite element model developed by Grassi et al [64] predicted that
the tensile modulus is reduced by up to 10 % with z-pinning (Figure 2.44), which agrees with the

other research work.
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Figure 2.43. Percentage effect of z-pins on the (a) longitudinal and (b) transverse modulus of
carbon-epoxy laminate with different ply orientations calculated using FE analysis. The values give
the difference compared to the unpinned laminate. The model assumes a volume fraction and
diameter for the z-pins of 1.9% and 0.6 mm, respectively [63].
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Figure 2.44. Effect of 2 %volume content of z-pin on the Young’s modulus of carbon epoxy
laminates with different ply stacking sequences [64].

2.5.2 In-plane compression properties of z-pinned laminates
The benefits of z-pins opens the opportunity for z-pinned laminates being used in compression-

loaded aircraft structures. However, research show that the in-plane compressive properties can
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be reduced significantly by z-pins [17, 43, 64-66, 68]. O’'Brien and Krueger [66] developed a FE
model to determine the effects of the volume content and diameter of z-pins on the compression
strength of carbon fibre-epoxy laminates. Results show that increasing the volume content is

more detrimental than increasing the diameter of z-pins (Figure 2.45).
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Figure 2.45. Effect of volume content, diameter and misalignment angle of z-pins on the
compressive strength of a carbon-epoxy laminate [66].

Craig et al. [68] experimentally measured a knock-down of approximately 30% to the
compressive strength due to z-pins. They found a clear correlation between the reduction in
compressive strength and fibre waviness, which also depends on the z-pin pattern (fibre
waviness is less severe when z-pin rows are parallel with the compression load direction).
Mouritz [65] experimentally determined the effect of increasing z-pin content on the open-hole
compressive properties of carbon-epoxy laminates. It was found that the compressive modulus
decreases linearly with increasing volume content and diameter of the z-pins, and this was due
to increased fibres waviness and laminate swelling. A similar study was numerically performed
by Grassi and Zhang [44] who predicted using FE analysis a similar trend for laminates with
different lay-ups. Similar effect was found for the compressive strength of laminates, which
decrease with increasing volume content and diameter of z-pins (Figure 2.47). The compression
fatigue life is also reduced significantly by z-pinning, with the S-N curves dropping to lower cyclic
stress levels with increasing pin content and diameter. Fatigue life is reduced because of fibre
waviness and laminate swelling, which reduces the capacity of a z-pinned laminate to withstand

compressive fatigue loading (Figure 2.48).
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Figure 2.46. Effect of (a) volume content and (b) diameter of z-pins on the compression modulus of
carbon-epoxy laminate [65]. The lines show the calculated reduction in modulus due to fibre
waviness alone or with laminate swelling.
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Figure 2.47. Effect of (a) volume content and (b) diameter of z-pins on the compression strength of
a carbon-epoxy laminate [65].
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2.6 Concluding Remarks

This literature review has presented a large amount of experimental and numerical research
work that proves z-pinning is an effective technique for increasing the delamination toughness,
delamination fatigue resistance and impact tolerance of composite materials. However, z-pins
modify the microstructure of composites and this can have a negative effect on the in-plane
mechanical properties, although usually out-weighed by the higher improvements to the

interlaminar properties.

However, there is not a significant amount of published work into the delamination fatigue
resistance and fatigue strengthening mechanisms of z-pinned laminates, especially under mode
II and mixed mode I/II cyclic loadings. Filling this knowledge gap is vital because of the cyclic
loads applied to many aircraft components. The effect of parameters such as volume content,
length, diameter and material properties of z-pins on these delamination fatigue properties is not

well understood.

While a significant amount of research work have been performed to improve the thermal
conductivity of composite through the addition of carbon [69-78], metallic [79-81] and ceramic
[82-84] based fillers, there is no reported work that has investigated the effect of z-pins on the
thermal conductivity. Similar conclusions can be drawn for the electrical conductivity, with
nanoparticles including nanotubes (CNTs) [85-88], carbon nano fibres (CNFs) [89, 90] and
graphene nano-sheets (GNSs) [91, 92] being used. It is feasible that z-pins can also be used to

increase the electrical conductivity, although this has not been proven.

The research work presented in the following chapters aims to fill these research gaps through a
comprehensive experimental investigation on the fatigue delamination properties, impact

tolerance, and thermal and electrical properties of z-pinned laminates.
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Chapter 3: Mode Il Delamination Fracture and
Fatigue Properties of Z-pinned Composites: Effect of
Z-pin Material

3.1 Abstract

Presented in this chapter is an experimental study into the improvements to the mode II
delamination fracture and delamination fatigue properties of carbon fibre-epoxy laminate
reinforced through-the-thickness with z-pins made of different materials. The z-pins were made
of unidirectional carbon fibre composite, copper, stainless steel or titanium. The mode II
interlaminar fracture and fatigue properties were measured under static and cyclic displacement
control conditions using the end notch flexure (ENF) test. The carbon fibre and metal z-pins were
effective in improving the mode II delamination toughness and at resisting the initiation and
growth of delamination cracks under fatigue loads. The properties were improved by the z-pins
forming of a large-scale extrinsic bridging zone along the fatigue crack. The influence of the
material properties of the z-pins on their strengthening capacity and failure mode are

determined.

The research presented in this chapter has been submitted for publication:

F. Pegorin, K. Pingkarawat, S. Daynes, A.P. Mouritz. Delamination fatigue properties of z-pinned
carbon-epoxy laminate using metal or composite rods. Composite Science & Technology. (Under
Review).

and published:

F. Pegorin, K. Pingkarawat, S. Daynes, A.P. Mouritz. Delamination fatigue properties of z-pinned
carbon-epoxy laminate using metal or composite rods. Proceedings of the 20th International

Conference on Composite Materials (ICCM20); Copenhagen, Denmark, 07/2015.

3.2 Introduction

As mentioned in Chapter 2, delamination cracking is a long standing problem with laminated
composite materials due to the low strength and toughness of the polymer matrix and
matrix/fibre interface. Delaminations can grow rapidly in brittle matrix composites under low

interlaminar fatigue loads, often with the cracks being undetectable via visual inspection [5, 93,
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94]. A large number of numerical and experimental studies have proven that z-pinning is an
effective through-thickness reinforcement method for increasing the modes I and Il interlaminar
fracture toughness properties of laminates [23, 24, 26, 30, 34, 44, 54]. Several studies have also
reported that z-pinning can increase the delamination fatigue resistance of laminates under mode
I and II cyclic loads [28, 31, 35, 54], as reviewed in Chapter 2. The improvements to the mode I
fracture toughness and fatigue strength depend on several parameters, including the volume
content [35], diameter [28, 54], embedded length [28] and material properties [55] of the z-pins.
Experimental research using carbon fibre z-pins has revealed that the mode I fatigue resistance
increases with the volume content and length of the z-pins (up to limiting values), and also
increases when the diameter of the z-pins is reduced [28]. Carbon fibre z-pins increase the fatigue

resistance by generating a large-scale extrinsic crack bridging zone until they eventually fail.

However, research performed to date has focused almost entirely on laminates reinforced with
carbon fibre z-pins. The improvements to the mode II delamination toughness and fatigue
resistance gained by z-pins made of different material types have not been thoroughly assessed.
In Chapter 2 it was mentioned that Cartié et al. [36] showed that titanium z-pins are highly
effective at increasing the mode Il fracture toughness of laminates, and plastically deform in shear
at high crack sliding displacements. More recently, Chio and colleagues investigated the
improvement to the fatigue resistance of a composite single-lap joint reinforced in the bonded
region with thin stainless steel rods [95, 96]. Apart from these few studies, the delamination
toughness and fatigue properties of composites reinforced with metal z-pins have not been
thoroughly studied. It is not known whether the fatigue strengthening effect for metal z-pins is

similar, better or worse than the more studied carbon fibre z-pins.

This chapter presents an experimental study into the influence of the z-pin material on the mode
II delamination toughness and fatigue resistance of z-pinned carbon-epoxy laminates.  Z-pin
materials with different elastic modulus, yield stress, ultimate stress, and fatigue strength
properties were used. These were copper, stainless steel, titanium and unidirectional carbon fibre
composite. The study presented in this chapter aims to experimentally determine the effect of
these different z-pin materials on the delamination toughness, fatigue properties and

strengthening mechanisms under mode II interlaminar static and cyclic loads.
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3.3 Materials and Experimental Methodology

3.3.1 Z-pinned composite materials

Unpinned and z-pinned composite specimens were manufactured to measure the mode II
delamination fracture toughness and fatigue properties. The specimens were made using
unidirectional (UD) T700 carbon fibre-epoxy prepreg tape (VITM264 supplied by Advanced
Composite Group). The main mechanical properties of a unidirectional laminate made using this
prepreg are given in Table 3.1. The prepreg was laid-up in a 0° fibre dominated ply pattern. 0°
plies were located at the centre-line of the laminates (which is the plane for delamination growth)
and adjoining 90 plies to prevent excessive fibre bridging along the crack during fracture and
fatigue testing. The uncured plies were stacked in a [06/[90/0]:]s ply sequence. The laminate was
debulked after the lay-up of every four plies via vacuum bagging for five minutes, and this was to

prevent that air pockets were trapped within the material prior to autoclave cure.

Table 3.1. Mechanical properties for the unidirectional VTM264 prepreg.The properties are referred
to the fibre direction [97].

Tensile Strength (MPa) 2459 Compression Strength (MPa) 1102
Tensile Modulus (GPa) 118 Compression Modulus (GPa) 107
Tensile Strain-to-Failure (%) 2.07 In Plane Shear Strength (MPa) 83.6
Flexural Strength (MPa) 1677 In Plane Shear Modulus (GPa) 4.07

Flexural Modulus (GPa)

110

The uncured prepreg laminate was reinforced in the through-thickness direction with z-pins
made of unidirectional carbon fibre-bismaleimide (BMI), copper (99.9% purity), titanium (grade
1; 99.5% purity) or stainless steel (316L). The tensile properties of these z-pin materials are given
in Table 3.2. The spacing (3.2 mm), diameter (510 um), orientation (orthogonal), volume content
(2%), and embedded length (4 mm) of the different z-pins were the same; the only difference was

the z-pin material.

The carbon fibre z-pins were inserted into the uncured laminate using the ultrasonically assisted
pinning (UAZ) process. As described in Chapter 2, the UAZ process involves placing a low density
foam carrier containing the z-pins over the uncured prepreg laminate. The foam (51LG Rohacell-
type) is made of two layers; an upper dense foam with the purpose of holding the z-pins in place
and a lower dense foam which collapses under the pressure exerted by the UAZ tool (Figure 3.1).
The tool head is placed over the foam. Vibrations at a frequency of 20 kHz combined with the

pressure applied by the operator causes the foam to collapse and drive the z-pins into the
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laminate. Once the insertion process is completed, the excess length of z-pins protruding from the

laminate surface along with the foam is sheared away using a blade.

Table 3.2. Mechanical properties of the z-pin materials [98, 99].

Material Tensile Yield Stress Ultimate Elongation to Shear
Modulus  0.2% Offset Tensile Failure [%] Modulus
[GPa] [MPa] Strength [MPa]
[MPa]

Cu (99.9% purity) 117 70 162 86 48
Titanium (grade 1; 99.5% purity) 105 309 590 24 45
Stainless Steel (316L) 200 170 782 55 (sheet) 82
Carbon fibre-BMI 140 - 2300 1.6 -

The metal z-pins were individually and manually inserted into the uncured laminate (Figure 3.2).
Before insertion, the metal z-pins were cleaned and then surface treated with an organosilane-
coupling agent (3-methacryloxypropyl-trimethoxysilane) to promote bonding with the epoxy
matrix to the laminate. Coupling agents such as organo-silanes have an organic portion which
bonds with the organic resin (epoxy matrix) and an inorganic portion which adheres to the metal
pins, thus increasing the pin/composite interfacial strength. After the metal z-pins were inserted,
the pinned laminates were debulked and this allowed to cut the z-pins length in excess so that
there was not significant protrusion into the tabbing material. The carbon fibre and metal z-pins
were inserted in a grid pattern with the longitudinal and transverse pin rows aligned parallel with

the 0° and 90¢ fibre directions to the laminate, respectively (Figure 3.3).

(a) (b)

Figure 3.1. (a) Bi-layer carrier foam containing the carbon fibre composite z-pins and (b) UAZ tool
used for the z-pin insertion.
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Figure 3.2. Insertion process for the metal pins.

laminate

thickness
longitudinal
transverse

Figure 3.3. Schematic of the z-pin square insertion pattern.

While the z-pins made of carbon fibre composite and metals were inserted using different
methods, microstructural examination of the z-pinned laminates did not reveal any significant
differences. Specifically, the amount of crimp, distortion and localised breakage of carbon fibres
in the composites was not noticeably different when reinforced using the carbon fibre or metal z-
pins. It is expected, however, that the residual stresses near the interface between the laminate
and z-pins will be different due to differences in the coefficients of linear thermal expansion of
the carbon fibre (-1x10-¢ K-1), copper (16.6x10-6 K-1), stainless steel (16x10-6 K1) and titanium
(8.6x10-6 K-1).

In the manufacture of the test specimens, the z-pinned laminates were sandwiched between two

unpinned unidirectional carbon-epoxy tabs (each 4.5 mm thick) to prevent failure of the
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specimen arms during fracture and fatigue testing, as shown in Figure 3.4. A control material
consisting of the unpinned [0s/[90/0]2]s carbon-epoxy laminate, and it was made to the same
dimensions as the z-pinned composites. Previously published research has shown that z-pins do
not change significantly the mechanical properties of cross-ply and quasi-isotropic laminates. The
unpinned and z-pinned laminates were cured and consolidated in an autoclave at 120°C and 620
kPa for one hour (Figure 3.5). The volume content of carbon fibres for the different laminates was

about the same at ~58%.

250mm

Laminate Tab

4mm 13mm

Laminate Tab

Pre-Crack
Length =40 mm

(b)

Figure 3.4. Schematic of the z-pinned ENF specimen. The specimen was 25 mm wide.

Figure 3.5. Autoclave used to cure the unpinned and z-pinned laminates.

3.3.2 Mode II delamination fracture toughness and fatigue testing
The mode Il delamination fracture toughness and fatigue resistance of the unpinned and z-pinned
materials were measured using the end notched flexure (ENF) test, which is shown in Figure 3.6.

Several test methods can be used to determine the mode Il interlaminar properties, including the

63




Mode Il Delamination Fracture and Fatigue Properties of Z-pinned Composites: Effect of Z-pin Material

end loaded split (ELS) and four-point end notched flexure (4ENF) tests. In the project the ENF
test used because it is the most widely used technique for measuring mode II fracture toughness,
including the testing of materials with through-thickness reinforcement including z-pinned
composites. The mode Il ENF specimens contained a 40 mm long artificial crack created by a
Teflon film (20 pm in thickness) inserted at the mid-plane (as indicated in Figure 3.4). The mode
Il fracture toughness was measured by applying a monotonically increasing downward

displacement (rate of 0.5 mm/min) at the mid-length of the sample, as shown in Figure 3.6.

The delamination crack was forced to propagate at shortintervals (5-10 mm) along the mid-plane
of the ENF sample, and at each increment the mode Il strain energy release rate was calculated

using the beam equation [100]:

_ 9a2P”611
= 3p213+3a3)

(3.1
where §;; is the applied bending displacement, P;; is the measured applied force, b is the sample
width and a is the total crack length. Three or four samples of the unpinned laminate and each of

the different types of z-pinned composites were tested.
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@)

Laminate Tabs

Z-Pinned Laminate

2L=250 mm

(b)

Figure 3.6. (a) Photograph and (b) illustration of the three-point bend mode Il ENF test.
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Before fatigue testing, the ENF sample was cyclically loaded in mode II to extend the delamination
30-40 mm from the artificial crack tip. By growing the delamination this length, an almost-fully
matured z-pin bridging zone was created before fatigue testing. Fatigue crack growth started
from the tip of this fully matured bridging zone to ensure the delamination fatigue properties
were independent of the bridging zone length. The unpinned and z-pinned ENF specimens were
then cyclically loaded in displacement control at a frequency of 10 Hz and R ratio of 0.1, which is
defined as the ratio between the minimum and maximum displacements per load cycle. The
specimens were fatigued under constant cyclic displacement conditions to allow the
delamination to grow by 5-10 mm, which is approximately equivalent to 2-3 rows of z-pins. The
fatigue testing under a fixed cyclic strain energy release rate (A4G;) commenced with the crack tip
located very close to or at a transverse row of z-pins. The crack proceeded to grow from this row
for at least another two or three rows of z-pins under the constant AGy; value. The total number
of load cycles needed to cause the crack extension was used to determine the crack growth rate
(da/dN). In some cases it was difficult to precisely determine whether the crack started growing
at a transverse row of z-pins, and could have occurred about mid-way between two rows, and
this would cause some scatter to the measured crack growth rate. The growth of the fatigue crack
was monitored continuously during testing, and its length was measured using a travelling optical
microscope located to one-side of the ENF specimen. The accuracy of the crack length
measurements made using the travelling optical microscope were determined using through-
thickness ultrasonics. The length of the cracks measured using the two techniques were very
similar, giving confidence that the optical microscopy provided a reliable means of measuring the
delamination length. This process was repeated over a wide range of cyclic strain energy release
rate values spanning from the fatigue (no-growth) threshold condition to the fast fatigue fracture
condition (unstable growth). Two or three samples of the unpinned laminate and the different

types of z-pinned composites were fatigue tested under mode II cyclic loading.

The mode II cyclic strain energy release rate range (AG;;) was calculated from the difference
between the maximum and minimum interlaminar strain energy release rate (G;;) values within

one fatigue cycle:

AGy = GII(max) - GII(min) (3.2)
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where

GII(max) = 9a2:;((2n233}:)_§22;m() (3.3)
and

Gamin) = it (3.4)

Olifmax) and Oygmin) are the maximum and minimum bending displacements, and Piiimaxy and Piimin)

are the maximum and minimum bending loads.

3.3.3 Z-pin crack bridging shear traction testing

Pure shear tests were performed on the composite and metal z-pins to measure their mode II
bridging traction properties, as illustrated in Figure 3.7. The shear specimen consisted of two
carbon epoxy laminates with a step-shaped profile separated by 20 pm thick-Teflon film (to
mimic a delamination) and held together just by the z-pins. The laminates were made using the
same carbon-epoxy prepreg used for the ENF specimens. The central region of the specimens was
reinforced with 28 pins (4 mm long) arranged in a 7x4 grid pattern and equally spaced in the x
and y directions by 3.2 mm, which is the same pin spacing that was used in the ENF specimens.
Samples were reinforced with z-pins made of carbon fibre composite, copper, titanium or
stainless steel. The samples were loaded in the in-plane direction (x-direction) at a monotonically
increasing displacement rate of 1 mm/min to a maximum value of 0.68 mm, which was about the
maximum crack sliding displacement that occurred in the mode II static tests performed on the
z-pinned ENF samples (as described later).

rollers

.:.....:.. ...
TS 14 mm z-pins PTFE film

PTFE film —

Iaminate/n ’ ¥ <:|
-/

Load

Figure 3.7. Schematic of the mode Il z-pin bridging traction test.
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Roller bearings were used to prevent crack opening displacement and to minimise the friction
effect between the specimen and the supporting rig (as schematically shown in Figure 3.7). The
sliding between the two laminates generated a low friction force (~15 N) which was much lower
than the mode II traction force generated by the z-pins (up to ~1200-4000 N depending on the
pin type). The measured shear load-crack sliding displacement curve was used to determine the

mode II bridging traction properties of the different types of z-pin.

3.3.4 Fractographic analysis

Both the fracture surface and cross-section of the ENF samples were examined using a scanning
electron microscope (FEI Quanta 200 ESEM) at the RMIT Microscopy and Microanalysis Facility.
Specimens were cut to a short length (35 mm) and then diamond polished (Ra = 0.025) prior to

gold coating.

Figure 3.8. (a) RMIT FEI Quanta ESEM and (b) gold coated z-pinned sample for SEM examination.

3.4 Results and Discussion

3.4.1 Mode Il delamination toughness properties

The ENF samples, when loaded in a three-point bending configuration, elastically deform until
reaching a critical point when there is sufficient internal strain energy to cause crack growth.
Delamination growth in the unpinned laminate was unstable (rapid), which is characterised by a
large and sudden load drop due to large-scale crack extension (Figure 3.9). For the unpinned
material only one data point per sample could be recorded due to the large and rapid crack
growth. There is a transition in the fracture process from the unpinned laminate to the z-pinned
composites. Regardless of the z-pin material, crack growth occurs in a stick-slip manner rather

than rapid unstable growth. The crack quickly propagated between the pin rows (slip) - resulting
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in a drop in the bending load due to an increase in the ENF sample compliance, and then the crack
arrested in proximity of the next pin row. Compliance is defined as the ratio between the bending

displacement () and load (L);

5§ _ 3at+4l

C=-= ———
L 8bh3E,

(3.5)

where a is the total crack length, L half the distance between the three-point bending support

points, h is half-thickness of the ENF sample, and E; ; is the longitudinal modulus of the composite.

Figure 3.10 shows plots of the mode II interlaminar fracture toughness vs delamination crack
length (R-curves) experimentally measured for the unpinned and z-pinned laminates reinforced
with different z-pin materials. The mode II strain energy release rate (Gy) is plotted against the
crack length (4a), which is the difference between the total delamination crack length and the
initial crack length (40 mm). The delamination toughness of the unpinned material rapidly
reached the steady-state value indicating that the delamination crack length does not have a
significant effect on the mode II fracture toughness. The mode Il toughness was increased
significantly by the z-pins, and this is because of shear bridging traction loads generated by the
pins. The delamination toughness for the z-pinned laminates increases with the delamination
length, and for both the composite and metal pins the steady-state toughness condition was not
reached meaning that the bridging zone has not fully developed despite the long crack length
generated during the test (~ 60 mm).
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Figure 3.9. Load vs displacement curves for the unpinned and z-pinned ENF specimens.
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Figure 3.10. Mode Il crack growth resistance curves for the unpinned and z-pinned laminates.
Table 3.3 gives the measured values for the mode II strain energy release rate for crack initiation

(fracture toughness calculated at the first non-linear point of the applied load vs displacement

curve) and at long length (Aa = 50 mm). It was found that the mode II delamination toughness
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was higher for the composite reinforced with the carbon fibre z-pins, and there was no significant
difference between the different types of metal pins.

Under increasing crack sliding displacement, both the composite and metal z-pins deformed and
debonded from the surrounding laminate, as shown in Figure 3.11. With increasing displacement
the metal z-pins experienced localised plastic shear deformation whereas the carbon fibre z-pins
fractured without pull-out (Figure 3.12). The difference in the fracture mechanisms is due to the
higher shear modulus and higher pin/laminate interface strength [55] of composite pins
compared with metal pins; revealing that shear modulus, shear strength and pins/laminate
interface strength are all important parameters in controlling the mode II fracture toughness of

z-pinned composites.

Table 3.3. Mode Il fracture properties of the unpinned and z-pinned laminates. The number in
brackets shows the times improvement compared to the unpinned material.

Fracture Toughness Fracture Toughness  Z-Pin Bridging Zone Z-Pin Failure
Initiation (kJ/m?) (Aa=50 mm) (kJ/m?) Length (mm) Mode
no-pins 0.9+0.2 1.3+0.1
copper 1.2+0.2 4+0.2 (4.4x) > 60 mm pull-out
steel 1.2+0.2 3.8+0.3(4.2x) > 60 mm pull-out
titanium 1.4+0.2 4.5%0.2(4.9x) > 60 mm pull-out
carbon 1.3+0.2 6.7 £0.9 (7.3x) >60 mm pull-out

@) (b)

Figure 3.11. Cross-sectional photographs showing (a) titanium and (b) carbon fibre composite z-
pins at the same mode Il delamination crack location (Aa = 50 mm). Arrows indicate the sliding
directions. For the different metal pins the failure mechanism was the same hence only one type of
metal is reported.
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The mode II interlaminar fracture toughness properties were improved by the z-pins forming a
large-scale bridging zone along the delamination crack. The mode II shear traction load-crack
sliding displacement curves for the different z-pins are shown in Figure 3.13. These curves were
measured using the test method described in section 3.3.3. [rrespective of the material used, there
is an initial linear region indicating the elastic deformation of the z-pins at low crack sliding
displacement. Following elastic shear deformation, the metal z-pins experience plastic
deformation whereas the carbon fibre z-pins undergo longitudinal splitting (Figure 3.141). This
can be seen from the mode II traction load curves being smooth and jagged for the metal and
carbon fibre z-pins, respectively. During the mode II interlaminar fracture test the maximum
applied sliding displacement was approximately 0.68 mm, and this was not sufficient to cause
shear failure of the metal z-pins although this displacement severely damaged the carbon fibre
pins. Shear test reveals that titanium and copper z-pins fail for respectively 0.72 and 0.79 mm

whereas no failure was observed for the stainless steel pin.

(a) (b)

Figure 3.12. Photographs of a mode 1l crack surface showing the failure mode for the (a) titanium
and (b) carbon fibre z-pins. The samples reinforced with metal z-pins were manually split opened
after test to show the deformation localized at the crack plane.

Table 3.4 gives the maximum shear traction load and energy (defined by the area under the curve
(6 < 0.68 mm)) values measured for the different z-pins. The mode II traction energy of the z-pins
increased in the order: copper, stainless steel, titanium and carbon fibre. This correlates with the

order for the measure improvements to the mode II fracture toughness properties.
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Figure 3.13. Mode Il bridging traction load-displacement curves for the different z-pins.
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Figure 3.14. Schematic of the (a) longitudinal splitting and (b) plastic deformation on carbon fibre
and metal pins.

Table 3.4. Mode Il shear traction load and total traction energy of a single z-pin of the different
materials. The scatter is one standard deviation of the measured traction property values.

Z-pin Peak Traction Load Traction Energy
Material (N) (N-mm)
Copper 43 +1 23+1

Stainless steel 99+3 43+ 4
Titanium 132 +11 52+1

Carbon 127+ 4 55+ 8
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3.4.2 Mode Il delamination fatigue properties

Paris curves showing plots of the mode II cyclic strain energy release rate (AG;) against the
delamination crack growth rate (da/dN) for the unpinned laminate and the composites
reinforced with the different z-pin materials are presented in Figure 3.15. Z-pinning was effective
at increasing the mode II delamination fatigue resistance. The mode Il fatigue parameters
measured from these curves are given in Table 3.5. The linear portion of the da/dN — AGy; curves

can be expressed by the Paris law:

da myp
- = CAG, (3.6)
where C and my are material constants. my; defines the sensitivity of the fatigue crack growth rate

to the cyclic stress intensity range; higher value for my is indicative of greater dependence of

da/dN to changes in 4Gy;.
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Figure 3.15. Effect of z-pin material on the mode Il Paris curve for the carbon-epoxy laminate.

Scatter in the mode II delamination growth rates of the unpinned and z-pinned laminates in the
Paris curves is attributed to several factors including stick-slip behaviour of the fatigue cracking
process, difficulty in precisely locating the crack tip using optical microscopy, the high sensitivity
of the crack growth rate to AG, and the discrete spacing of the z-pins causing variations in the
growth rate. The measured increase to the mode II fatigue properties due to z-pinning was less

pronounced than for mode I [55], particularly at intermediate cyclic intensity values (A4Gu
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between ~0.4 and 3 kJ/m?) when there was only a marginal improvement. Z-pins were more
effective at increasing the mode II fatigue resistance at relatively low and high cyclic strain energy

release rate values when the crack growth rates were slow and fast, respectively.

Table 3.5. 4G, values for the initiation crack growth (4Gy;), fast delamination crack growth (A4Gc)
and Paris curve parameter ‘my’ for the unpinned and z-pinned laminates. The last column gives the
linear correlation coefficient for the m; value. The numbers in brackets give the times improvement

of the z-pin composites compared to the unpinned laminate.

Z-Pin AGy; [KI/m?]  AGyc[K]/m?] mi L”&Z;Eg::ﬁg;’”
None 0.03 1.05 2.7 0.87
Copper 0.19 (6.8x) 4.4 (4.2x) 5.0 0.94
Stainless steel 0.20 (7.1x) 6.1 (5.8x) 4.8 0.92
Titanium 0.19 (6.8x) 5.0 (4.8x) 4.7 0.93
Carbon fibre 0.52 (17.6x) 10.6 (10.1x) 3.3 0.91

The mode II crack growth rates for the laminate reinforced with copper z-pins were on average
slightly higher than the other types of z-pins, although there is a large amount of scatter. The AGy;
value to initiate fatigue cracking was increased by about five times with the metal z-pins and more
than ten times with the carbon fibre z-pins. The z-pins were also effective at mode II fatigue
strengthening at high cyclic stress intensity values when the crack growth rate was fast (above
0.1-1 mm/cycle), particularly the carbon fibre z-pins. The results in Table 3.5 show that the
sensitivity of the parameter my; to the type of z-pin material was not significant, considering the
low values of linear correlation coefficient (in the range of 0.91 to 0.94).

The mode II fatigue properties (like the mode I properties [55]) were improved by the z-pins
forming a large-scale bridging zone along the delamination fatigue crack. The mode II shear
traction load-crack sliding displacement curves described in the previous section show that the
mode II bridging traction properties are dependent on the type of z-pin, although these
differences are not reflected in large differences in the mode II fatigue properties of the different

types of z-pinned laminates.

Shown in Figure 3.16 are examples of z-pins made of metal or carbon fibre composite bridging a
mode II fatigue crack, and there are substantial differences in the deformation and failure modes.
The metal z-pins always plastically deformed under cyclic shear displacement in a region
localised to the delamination crack plane (Figure 3.16a). The shear strain deformation of the

metal z-pins increased with the amount of crack sliding displacement applied in a single load
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cyclic. The metal z-pins would have cyclically strain hardened under repeated loading, causing
their yield stress to increase. However, the cyclic shear strains were too low to cause the metal z-
pins to completely fail. The carbon z-pins bridging the mode II fatigue crack failed progressively
by shear rupture close to the delamination crack (Figure 3.16b). The carbon fibre z-pins failed by
longitudinal splitting cracking between the fibres and transverse shear rupture of the individual
fibres until eventually the entire pin failed at the delamination crack plane. Despite these
differences in the fatigue responses of the ductile metal and brittle carbon fibre z-pins, this did
not cause significant differences in their mode II fatigue strengthening efficiency except at low

and high AGj; values when the carbon fibre z-pins were slightly better.

(@) (b)

Figure 3.16. Photographs showing mode Il fatigue-induced shear deformation of a (a) stainless
steel z-pin and (b) shear fracture of a carbon fibre z-pin bridging a fatigue crack.

3.5 Conclusions

This experimental study has proven that an important parameter controlling the mode II
delamination fracture toughness and fatigue properties of z-pinned carbon-epoxy laminates is
the material used for the pins. The mode II fracture toughness was increased for the laminates
reinforced with metal or composite z-pins due to the formation of a large-scale bridging zone
along the delamination crack, although the carbon fibre z-pins were the most effective. Because

of small lateral displacement induced during ENF testing, the metal z-pins do not fail and show
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partial debonding from the laminate and localized plastic deformation whereas the carbon fibre

pins show partial debonding and localized splitting damage.

The mode Il fatigue resistance was also increased by the metal and carbon fibre z-pins.
Irrespective of the z-pin material used, the fatigue strength was improved and especially at the
low (AGr <0.5 kJ/m?) and high (AG>1 kJ/m?2) cyclic strain energy release rate values. The metal
z-pins plastically deformed close to the delamination crack plane by localised cyclic shear flow,
but did not fail. The carbon fibre z-pins also permanently deformed close to the crack plane, and
they eventually fractured under cyclic shear loading. Despite these differences in the fatigue
responses between the metal and carbon fibre z-pins, this did not change significantly their
capacity to increase the mode II delamination fatigue resistance (except at very low and high AGy

values when the carbon fibre z-pins were slightly better).
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Chapter 4: Mode Il Delamination Fracture and
Fatigue Properties of Z-pinned Composites: Effect of
Volume Content, Diameter and Length of Z-pins

4.1 Abstract

The effects of the volume content, diameter and length of z-pins on the mode Il fracture toughness
and fatigue resistance of carbon-epoxy laminates is experimentally investigated in this chapter.
Z-pins are effective in increasing the mode II delamination toughness (up to 12 times); and the
volume content, diameter and length of the pins are all important parameters. Paris curves show
thatincreasing the volume content and diameter and reducing the length of z-pins has a beneficial
effect on the mode II fatigue resistance. Z-pins are effective in slowing down the crack growth
rate all over the cyclic strain energy release rate intensity range (4Gy), although they are
particularly effective for low (AG;<0.5 kJ/m?) and high (AG;>1 kj/m?) ranges for which the fatigue
crack growth rate is slowed by about one order of magnitude. The mode II interlaminar
mechanical properties are improved by the z-pins forming a large-scale bridging traction zone

along the delamination.

The research presented in this chapter has been published in the following papers:

F. Pegorin, K. Pingkarawat, A.P. Mouritz. Comparative study of the mode I and mode II
delamination fatigue properties of z-pinned aircraft composites. Materials & Design. Vol. 15,
(2015), pp 139-146.

F. Pegorin, K. Pingkarawat, S. Daynes, A.P. Mouritz. Mode Il interlaminar fatigue properties of z-
pinned carbon fibre reinforced epoxy composites. Composite Part A: Applied Science and
Manufacturing. Vol. 67, (2014), pp 8-15.

F. Pegorin, K. Pingkarawat, S. Daynes, A.P. Mouritz. Influence of z-pin length on the delamination
fracture toughness and fatigue resistance of pinned composites. Composites Part B: Engineering.
Vol. 78, (2015), pp 298-307.

F. Pegorin, K. Pingkarawat, S. Daynes and A.P. Mouritz. Multi-functional fibre-polymer composites
using z-pins. Proceeding of the 16th European Conference on Composite Materials (ECCM-16),

Seville, Spain, 2014.
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4.2 Introduction

There is a large body of research work that has investigated the effect of z-pins on the
delamination properties of composites, as reported in Chapter 2. Numerous experimental and
numerical studies have shown that z-pins can significantly improve the mode I interlaminar
fracture toughness [23-26, 28, 31, 34, 44, 47, 101-104] and mode I fatigue resistance of
composites [28, 35, 55, 105]. The improvements are influenced by several parameters such as
volume content [28, 34], length [28], diameter [28] and material properties of the z-pins [55]. For
example, Cartié et al. [34] showed that the mode I fracture toughness and fatigue resistance of
carbon-epoxy laminate increases with the volume content of z-pins, and this is due to increasing
number of z-pins generating bridging traction loads that oppose crack opening and growth.
Increasing the z-pin diameter has a detrimental effect on the mode I delamination resistance [28,
34], and this is due to a reduction in the pin/composite interface area at a fixed volume content.
Varying the z-pin length also affects the mode I toughness [28]. When crack opening displacement
is applied, z-pins (that were initially bonded to the laminate) experience interface cracking
because of their high tensile strength (greater than interfacial strength). The larger is their
embedded length the greater is the axial load necessary to crack the z-pin/laminate interface and
the longer the pull-out length, and this is reflected in higher mode I fracture toughness.
Pingkarawat and Mouritz [28] recently reported that the mode I fatigue resistance is also

dependent on the volume content, diameter and length of the z-pins.

This chapter presents an experimental investigation to determine the effects of the volume
content, diameter and length of z-pins on the mode II delamination toughness and fatigue
resistance of a carbon-epoxy laminate. Improvement in the delamination toughness are
measured using crack growth resistance curves (R-curves) whereas fatigue resistance is
quantified using Paris curves, from which the effect of z-pinning on the threshold cyclic strain
energy release rate value to initiate fatigue cracking, the fatigue crack growth rate, and the cyclic
strain energy release rate to cause unstable, fast fatigue cracking are determined. The study also
aims to identify the fatigue toughening mechanisms generated by the z-pins that increase both
the mode II interlaminar toughness and fatigue resistance, and how the mechanism are affected
by the volume content, diameter and length of the z-pins. The z-pins used in this study were
unidirectional carbon-fibre composite. The metal z-pins studied in the previous chapter are not

used for the research described in this chapter.
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4.3 Composite Material

The composite material used in this study was made with unidirectional T700 carbon fibre-epoxy
prepreg tape (VITM264), which was supplied by Advanced Composites. This is the same
composite material used in the work presented in Chapter 3. The carbon-epoxy prepreg was
stacked in a [06/[90/0]2]s ply pattern. The z-pins were inserted through the uncured prepreg
stack using the ultrasonically-assisted pinning (UAZ) process, which was described in the
previous chapter. The z-pins used in this work were made of unidirectional carbon fibre-

bismaleimide composite supplied by Albany Engineered Composites.

In order to determine experimentally the effect of z-pin diameter, the laminate was reinforced
using 280 um (thin pins) or 510 um (thick pins) diameter z-pins at a volume content of 2% and
embedded length of 4 mm. Laminates were also reinforced with different z-pin contents of 0.5, 2
and 4 vol% whereas diameter and length of the z-pins was kept constant at 280 um or 4 mm
respectively. To investigate the effect of z-pin length, laminates were stacked with the ply
orientations of [0/[90/0]:]s, [06/[90/0]:]s or [016/[90/0]2]s to obtain a thickness of 2, 4 or 8 mm,
respectively. The 2, 4 and 8 mm thick laminates were reinforced with z-pins to a volume content
of 2% and diameter of 280 um. In this way, laminates were made with z-pins having different
lengths, which in this chapter are referred to as short (2 mm), intermediate (4 mm) and long (8
mm) pins. The only difference between the composites was the embedded length of the z-pins;
all other z-pin parameters such as diameter (280 pm) and volume content (2%) and total
thickness of the laminate (13 mm) were the same. For comparison, unpinned laminate samples
were also manufactured and, as for the z-pinned samples they were reinforced with additional
tabs and cured in autoclave as described in Chapter 3. The different types of unpinned and z-

pinned laminates are listed in Table 4.1.
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Table 4.1. Mode I fatigue tests matrix.

Effect of Z-Pin Volume Content

Z-Pin Volume Content Z-Pin Diameter Z-Pin Length
low content (0.5%) thin z-pin (280 um diameter) 4 mm
Intermediate content (2.0%) thin z-pin (280 um diameter) 4 mm
high content (4.0%) thin z-pin (280 um diameter) 4 mm

Effect of Z-Pin Diameter

Z-Pin Diameter Z-Pin Volume Content Z-Pin Length
thin z-pin (280 um diameter) intermediate content (2.0%) 4 mm
thick z-pin (510 um diameter) intermediate content (2.0%) 4 mm

Effect of Z-Pin Length

Z-Pin Length Z-Pin Diameter Z-Pin Volume Content
2 mm thin z-pin (280 um diameter) intermediate content (2.0%)
4 mm thin z-pin (280 um diameter) intermediate content (2.0%)
8 mm thin z-pin (280 um diameter) intermediate content (2.0%)

4.4 Mode Il Interlaminar Fracture Toughness and Fatigue Interlaminar Testing
The mode Il delamination fracture toughness and delamination fatigue resistance of the unpinned
and z-pinned laminates were measured using the end notched flexure (ENF) test procedure that

was described in the previous chapter.

4.5 Results and Discussion

4.5.1 Mode Il delamination fracture toughness

Effect of z-pin volume content on mode Il interlaminar fracture toughness

Presented in Figure 4.1 are the mode Il delamination crack growth resistance (R) curves for the
unpinned laminate and composites reinforced with different volume contents of z-pins (0.5%, 2%
and 4%). The R-curves show plots of the mode II strain energy release rate (Gi) against
delamination crack extension (Aa), which is the distance the crack has grown from the pre-crack
tip. The R-curve for the unpinned laminate is low and flat, revealing that its mode Il interlaminar
fracture toughness (Gic) is not dependent on the delamination crack length. However, the fracture
process was unstable in the unpinned ENF samples with the crack advancing rapidly from the
pre-crack tip. Fractographic examination of the unpinned composite revealed the absence of a
large-scale fibre bridging zone behind the delamination front, and this accounts for the flat R-
curve and relatively low toughness. The z-pins increased the mode II fracture toughness and
altered the crack growth resistance curves. The fracture process was stabilised by the z-pins, and

rapid and large-scale crack extension did not occur in the z-pinned ENF samples. The mode II
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fracture toughness increased rapidly with the volume content of z-pins (Figure 4.2). The fracture
toughness increased by 200-300% for every 1% increase in the volume content of z-pins, and at
the highest z-pin content (4%) the delamination resistance was about 12 times higher than the

unpinned material.
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Figure 4.1. R-curves showing the effect of volume content of z-pins on the mode Il interlaminar
fracture toughness of the carbon-epoxy laminate.
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Figure 4.2. Effect of the volume content of z-pins on the average mode Il interlaminar fracture
toughness of the carbon-epoxy laminate. The average values were calculated by averaging the
delamination toughness values which were measured for Aa > 50 mm.
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Delamination fracture studies by Cartié et al. [34] and Yan et al. [22] also report an increase to
the mode II fracture toughness of carbon-epoxy composites with increasing z-pin content.
However, these studies involved mode II fracture toughness (ENF) tests in which the
delamination crack length was relatively short (less than 25 mm) and therefore the condition of
steady-state toughness (which occurs at long crack lengths) was not attained. The results
in Figure 4.1 are the first reported complete mode II R-curves for z-pinned composites. The R-
curves show that the toughening effect induced by the z-pins increase with delamination crack
extension until it reached about 40-50 mm, when the fracture toughness reached a steady-state

value.

The increase in the R-curves was due to the progressive formation of an extrinsic crack bridging
process zone by the z-pins behind the delamination front. As the delamination grew in length an
increasing number of z-pins joined the bridging zone, and this increased the fracture toughness.
As new z-pins joined the bridging zone at the advancing crack front there was a corresponding
number of z-pins towards the rear of the bridging zone (where the crack sliding displacement
was largest) which failed. Under these conditions the mode II fracture toughness reached a
steady-state value. The mode II fracture toughness of a z-pinned composite with the geometry of

the ENF specimen (as in Figure 3.4) can be described using [22]:

Gr = Gric + Gp(Aa) (4.1)

Gjjc is the mode II fracture toughness of the unpinned laminate. G,,, is mode II toughness due to
the z-pins, and toughening is induced by elastic and permanent shear deformation of the z-pins
within the crack bridging zone. The higher the volume content of z-pins is the larger will be the
Gpp(Aa) value in Equation (4.1), and this will be reflected in a higher mode II interlaminar

fracture toughness.

Effect of the z-pin diameter on mode Il interlaminar fracture toughness

The mode II interlaminar fracture toughness and R-curve behaviour was also dependent on the
z-pin diameter. Figure 4.3 presents R-curves for the unpinned laminate and the composites
reinforced with z-pins having a diameter of 280 or 510 um. At relatively short crack lengths
(under ~40 mm), the toughening effect induced by the thin and thick z-pins was approximately
the same. At longer crack lengths, however, the fracture toughness reached a steady-state value

for the thin z-pins but continued to rise for the thick z-pins. The rising R-curve for the composite
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containing the thick z-pins indicates that the crack bridging zone never fully developed, and is

longer than the maximum crack length attained in the ENF fracture tests (Aa = 80 mm).
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Figure 4.3. R-curves showing the effect of z-pin diameter on the mode Il interlaminar fracture
toughness of the carbon-epoxy laminate.

Effect of z-pin length on mode Il interlaminar fracture toughness

The mode II R-curves showing the effect of the z-pin length are given in Figure 4.4. While the z-
pins increased the delamination resistance, regardless of the z-pin length, the toughness was
highest for the shortest pins (2 mm) and lower toughness values were measured for the
intermediate (4 mm) and longest pins (8 mm). This is different to the mode I toughness, which

increased progressively with the z-pin length [28].

The carbon fibre z-pins bridging the mode II crack experienced irreversible shear deformation
due to the sliding displacement between the opposing surfaces of the delamination. Regardless
of their volume content, diameter or length, the z-pins along the bridging zone were forced to
rotate in the direction of interlaminar shear loading along the delamination crack plane as shown

in Figure 4.5.
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Figure 4.4. R-curves showing the effect of z-pin length on the mode Il delamination toughness of
the carbon-epoxy laminate.

(@) (b)

Figure 4.5. (a) Scanning electron micrograph showing shear-induced deformation and damage to a
bridging z-pin under mode Il interlaminar loading. (b) Schematic diagram of shear-induced
deformation of a z-pin. The arrows indicate the direction of the sliding.

Fractographic examination of the delamination crack surfaces revealed that the final shear
fracture mode of the z-pins was determined by their length, as shown in Figure 4.6. The shortest

z-pin failed by partial shear-induced rotation and then pull-out. The intermediate length z-pins
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experienced a small amount of pull-out before failing by shear rupture. The longest z-pins

fractured in shear at the delamination crack surface without experiencing any pull-out.

The z-pins closest to the mode Il delamination front elastically deform in shear, irrespective of
their volume content, diameter or length. The shear traction load generated by localised elastic

shear deformation of a single z-pin is:

(4.2)

Ty1e 1S the shear stress exerted on the z-pin and d,, is the pin diameter. This equation shows that
the elastic traction load generated by the z-pin is not dependent on its length. For longer z-pins
there is significant resistance to rotation and shear failure occurs prior to pull-out. As shown in
Figure 4.6, z-pin pull-out from the laminate is a complex process. The mode II bridging law is
assumed to have a similar form to that of mode I failure whereby pull-out begins to occur after
debonding at a critical load. Depending on the materials and geometry of the ENF test the z-pins
may break before being completely pulled out, as in the cases shown in Figure 4.6b and c. The

shear traction force generated by these processes is determined using:

PIIf = Tan-dp(lp - 5p) (43)

;15 1s the interfacial shear stress generated by a sliding z-pin under mode Il interlaminar loading.
l, and &, are the embedded length prior to pull-out and the amount of pull-out experienced by
the z-pin, respectively. The equation shows that the shear traction force opposing slip and pull-
out increases linearly with the z-pin length. However, longer z-pins cannot rotate as easily along
the mode Il delamination crack plane and fail in shear. Therefore, increasing the z-pin length can
reduce the amount of crack sliding displacement that can occur before the z-pin fails. The
reduction to the mode Il fracture toughness with increasing z-pin length is therefore attributed
to the increasing resistance imposed against pin rotation along the crack plane. The shortest z-
pins induced the lowest shear resistance against pull-out, and therefore these pins were pulled

completely from the composite.
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Figure 4.6. (a) X-ray CT photographs and (b) schematic diagrams showing the effect of increasing
z-pin length on the pin failure event under mode Il interlaminar loading.

4.5.2 Mode II delamination fatigue resistance

Effect of z-pin volume content on mode Il interlaminar fatigue resistance

Figure 4.7 shows the effect of the volume content of z-pins on the mode II interlaminar fatigue
properties of the carbon-epoxy laminate. The figure presents Paris-like curves of the measured
relationship between mode Il cyclic strain energy release rate range (4G;;) and delamination
crack growth rate (da/dN) for the composites. The curves in Figure 4.7 are lines-of-best fit
through the experimental data. There is a large amount scatter in the crack growth rates for both
the unpinned and z-pinned laminates. As described in Chapter 3, some of the scatter is attributed
to experimental difficulties in accurately measuring the crack front. Also, the fatigue cracks
slowed when approaching the z-pins (crack arrest) and accelerated when z-pins at the rear of the

bridging zone failed (crack advance), and this stick-slip behaviour also contributed to the scatter.

Despite scatter in the fatigue data, the Paris-like curves presented in Figure 4.7 show that z-
pinning increased (in most instances) the mode Il delamination fatigue resistance. At the lowest
z-pin content (0.5%), the fatigue resistance was improved at low and high cyclic strain energy

release rate values, although over the intermediate range (4G, between ~ 0.2 — 1 kJ/m? ) there
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was no significant improvement. Any small increase in the fatigue resistance due to the z-pins
may be masked by the large amount of scatter in the crack growth rates. Similarly, the laminate
reinforced at the intermediate z-pin content (2%) displayed superior fatigue resistance at low
and high cyclic strain energy release rates, but the improvement was marginal over the
intermediate range. The laminate with the highest z-pin content (4%) had the highest fatigue
resistance, but also the greatest amount of scatter. These findings reveal that fatigue
strengthening is dependent on the cyclic range of strain energy release rates (as reported in
Chapter 3) as well as the z-pin content. Z-pinning is most effective at resisting fatigue cracking
under low and high cyclic shear stress conditions. Table 4.2 gives the values for m;; (crack growth
rate exponent) for the unpinned and z-pinned composites. All the values for my are relatively low,
and there is no clear correlation with the volume content of z-pins. Also, the linear correlation
coefficient values are relatively low further supporting that no statistical trend exist between the

my; value and z-pin content.
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Figure 4.7. Effect of volume content of z-pins on the Paris-like curve for the carbon-epoxy laminate.
The curves are fitted to the data. The z-pins were 280 pm in diameter and 4 mm in length.
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Table 4.2. Values for the Paris curve parameter ‘m’ for the unpinned and z-pinned composites.

Z-Pin Volume Z-Pin Z-Pin Length -~ Linear Correlation
Content Diameter Coefficient (R)
None - - 2.7 0.87
0.5% 280 pum 4 mm 33 0.95
2% 280 pum 4 mm 4.9 0.91
4% 280 um 4 mm 2.0 0.81

The Paris curves presented in Figure 4.7 also show that the threshold cyclic strain energy release

rate value (4G ) needed to initiate fatigue crack growth increased with the volume content of
z-pins. It was not possible to determine the precise value of 4Gy due to the large amount of
scatter in the crack growth rate data. Instead, 4Gy was taken to be value at the fatigue crack

growth rate of 1x 1077 mm per load cycle, which is slightly above when measurable
delamination cracking starts to occur. Figure 4.8 shows the effect of increasing volume content of
z-pins on the threshold cyclic strain energy release rate value. There is a linear correlation
between the z-pin content and the cyclic value needed to initiate mode II crack growth. 4Gy,
increases by ~ 170% for every 1% increase to the volume content of z-pins, and at the highest z-
pin content that value is nearly 8 times higher than the unpinned laminate. This clearly shows

that z-pinning is effective at resisting the initiation of mode II fatigue cracking.
025
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Figure 4.8. Effect of volume content of z-pins on the threshold cyclic strain energy release rate
value needed to initiate delamination fatigue cracking in the carbon—epoxy composite. Note that
due to the large amount of scatter, these values are approximate. 4G, was defined at the da/dN
value of 10~7 mm/cycle.
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Z-pins were also effective at resisting rapid fatigue cracking at high cyclic strain energy release
rate values, as shown in Figure 4.7. The fatigue crack growth rate for the unpinned composite
accelerated rapidly when the cyclic strain energy range approached the mode II interlaminar
fracture toughness (4G — 4Gy of 1.1 kJ/m?), which defines the onset of unstable (rapid)

delamination cracking.

The improvement to the mode II delamination fatigue resistance was due to the increasing
number of z-pins forming a large-scale extrinsic bridging zone behind the delamination crack
front. Itis well known thatlarge-scale crack bridging promotes high mode Il interlaminar fracture
toughness in z-pinned composites under monotonically increasing crack sliding displacements
[25, 36], and a similar strengthening process is operative for fatigue cracks. Figure 4.9 presents a
cross-sectional view of a z-pinned composite showing the different stages of z-pin bridging along
the mode II fatigue crack. The bridging process is complex with the physical condition of the
carbon fibre z-pin changing continuously along the bridging process zone. Nearest the
delamination front, where the amount of shear sliding displacement between the opposing crack
faces is very low, the z-pins bridge the fatigue crack without being damaged (Region A). Inside
Region A the bridging z-pins respond elastically to the small crack sliding displacement, and there
is no damage to the pins themselves. Further behind the delamination front the z-pins debond
from the surrounding composite material (Region B). Debonding initiates at or near the
delamination crack plane, and then propagates along the z-pin/composite interfacial region with
increasing cyclic loading. Following complete debonding, the bridging z-pins begin to undergo
transverse shear failure localised to the fatigue crack plane (Region C). Cyclic shear displacement
of the bridging z-pins causes progressive cracking and fibre fracture with an increasing number

of loading cycles until eventually the z-pins completely failed in shear (Region D).
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Figure 4.9. Photographs showing the bridging z-pins at different locations (as indicated in the
schematic of the ENF specimen) along a mode Il delamination fatigue crack.

Shear displacement of the z-pins causes them to press laterally into the composite material close
to the crack plane in a toughening process known as snubbing [33]. Snubbing opposes shear
deformation of the z-pins, resulting in an enhanced bridging force. Figure 4.10 shows a magnified
view of a single z-pin within Region C of the bridging zone, and the composite material adjacent
to the pin is severely deformed and cracked. This damage occurred by the z-pin pressing laterally
into the composite under cyclic shear loading, and this snubbing process contributed to the
fatigue strengthening process. The z-pins also experience a very small amount of pull-out in
Region C, and this is caused by debonding followed by shear-induced rotation of the debonded z-

pins along the crack plane. The pull-out increases with the amount of z-pin rotation.

At the rear of the bridging zone, where the crack sliding displacement is large, the z-pins
completely fractured along the delamination crack plane (Region D). Even though the z-pins in
Region D were broken, a traction load is still generated by friction between the opposing surfaces

of broken pins. Despite the progressive damage to the z-pins with increasing crack sliding
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displacement along the bridging zone, they retain sufficient shear strength to generate fatigue
traction loads between the opposing delamination surfaces and thereby lower the magnitude of
the cyclic shear stress applied to the crack tip. As a result, the mode II fatigue resistance is
increased by z-pinning. Figure 4.11 shows a broken z-pin at the surface of a delamination fatigue
crack. This is a z-pin that has completely failed under mode II cyclic loading (Region D). The
composite material surrounding the fractured z-pin is also damaged due to snubbing. Even
though the z-pins in region D are broken, it is feasible that they still contributed to fatigue
strengthening by mechanical interlocking as shown schematically in Figure 4.12. During testing
it was observed that the opposing fractured portions of the z-pins mechanically interlocked at the
minimum crack sliding point in each load cycle, thereby creating an opposing friction traction
stress. When the crack sliding within a single load cycle was increased this forced the two
portions of the fractured z-pin to separate. Therefore, fractured z-pins retained the capacity to

generate bridging traction loads which contributed to the improved mode II fatigue resistance.

Figure 4.10. SEM photograph showing a cross-sectional view of a bridging z-pin showing snubbing-
induced damage (circled) to the composite under mode Il interlaminar fatigue loading.

The fatigue resistance improved when the z-pin content was increased from the low (0.5%) to
intermediate (2.0%) level because a greater number of pins were involved in the bridging zone.
This reduced the cyclic shear stress applied to each z-pin within the bridging zone, which thereby
increased the number of loading cycles needed to induce debonding, shear deformation and shear

rupture of the pins. Raising the z-pin content from the intermediate to highest (4%) level did not
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improve the apparent fatigue resistance further because the fatigue mechanism transitioned from
a single fatigue crack to multiple cracks. Examination of the ENF samples during testing revealed
that the fatigue crack growth process was influenced by the volume content of z-pins. Fatigue
occurred as a single delamination along the mid-plane of the unpinned laminates as well as the
composites with the low and intermediate volume content of z-pins. At the highest z-pin content,
however, the fatigue process involved multiple delamination cracks growing in parallel along
neighbouring ply interfaces. This transition in the fatigue crack process is illustrated in Figure
4.13, whereby multiple delaminations propagated along the 0/90 ply interfaces in the composite
with the highest z-pin content. It appears that when the z-pin content exceeds a critical level
(which in the composite studied here is between 2% and 4%) it is energetically more favourable
for multiple fatigue cracks to grow concurrently rather than as a single crack. This transition in
the cracking process is indicative of the high fatigue strengthening attained by reinforcing the

composite at the highest z-pin content.

Figure 4.11. Fractured z-pin caused by mode Il interlaminar fatigue loading. Note the fatigue-
induced snubbing damage adjacent to the z-pin.
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Max

Figure 4.12. Schematic representation of bridging traction stress generated by a broken z-pin along
a delamination fatigue crack whereby it lock-ups when the fatigue stress is relaxed to a minimum

value.
Surface
E Single Fatigue Crack No Z-pIns
( — 0.5% z-pins
— Surface 2.0% Z-pins
Crack growth direction ﬁ
Surface
0/90° Interface
- el o
) Multi Fatigue Cracks — 4.9 Z-pims
L 0/90° Interface
—
Crack growth direction Siliacs

Figure 4.13. Schematic representation of the transition of the fatigue cracking process from a single
to multiple delaminations in the ENF sample with increasing volume content of z-pins.

Effect of z-pin diameter on mode Il fatigue resistance

Mode II Paris curves showing the effect of z-pin diameter on the fatigue properties are presented
in Figure 4.14. Curves are shown for composites reinforced with thin or thick z-pins at the same
volume content (2%) and 4 mm embedded length. For comparison, the Paris curve for the
unpinned laminate is shown. The curves are lines-of-best fit through the data, and the Paris curve
values for my are given in Table 4.3. There is no clear trend between z-pin diameter and the my

parameter due to the large amount of scatter as defined by the linear correlation coefficient.
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Figure 4.14 shows that both the thin and thick z-pins improved the mode II interlaminar fatigue
resistance of the composite, particularly in the lower and higher ranges of AGy;. It appears that
the threshold cyclic strain energy release rate needed to initiate the fatigue crack increased with
the z-pin diameter. Both the thin and thick z-pins also increased the maximum cyclic strain energy
release rate value under which rapid fatigue cracking occurred. However, the thick z-pins were
more effective, with the onset of fast fatigue cracking occurring at a higher AG,; value than for the
thin z-pins. This improvement is attributed to the higher toughening effect of the thick z-pins at

long delamination cracks, as indicated by the R-curves shown in Figure 4.1.
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Figure 4.14. Effect of the z-pin diameter on the Paris curve for the carbon-epoxy composite. The
curves are fitted to the data. The volume content and length of z-pins were 2% and 4 mm,
respectively, in both z-pinned composites.

Table 4.3. Values for the Paris curve parameter ‘my’ for the unpinned and z-pinned composites.

Z-Pin Z-Pin Volume Z-Pin Length m Linear Correlation
Diameter Content Coefficient (R)
no pins 0% 2.7 0.89
280 um 2.0% 4 mm 4.9 0.91
510 um 2.0% 4 mm 3.3 0.91

The fatigue-induced strengthening mechanisms and failure mode of the composites reinforced

with the thin and thick z-pins were found to be similar. Fractographic examination of the ENF test
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specimens revealed that the fatigue resistance was increased by the z-pins forming a large-scale
bridging zone along the delamination crack, irrespective of the z-pin diameter. The failure mode
of the thin and thick z-pins was also similar, and involved debonding, shear deformation and

fracture close to the fatigue crack plane (the same as that shown in Figure 4.9).

Effect of z-pin length on the mode Il delamination fatigue resistance

Figure 4.15 shows the improvement to the delamination fatigue resistance for the composites
reinforced with the short (2 mm), intermediate (4 mm) or long (8 mm) z-pins. Irrespective of the
z-pin length, the delamination fatigue resistance was improved compared to the unpinned
laminate. The fatigue curves for the composites reinforced with the short, intermediate and long
z-pins were similar, revealing that the mode II fatigue properties are not sensitive to pin length.
The z-pins provided the largest improvements to the mode II fatigue resistance at low (4G;; <
0.5 kJ/m?) and high (4G,; > 1 kJ /m?) cyclic shear conditions. However, over most of the range
(0.5 kJ/m? < AG;; < 1kJ/m?), there was only a small improvement in the fatigue resistance
with z-pinning. Table 4.4 presents the mj; values for the different laminates and there is no clear

trend making it difficult to conclude that it was influenced by the z-pin length.

However, the final failure mode of the z-pins was dependent on their length. Figure 4.16 shows
the mode II fatigue crack surfaces of the composites reinforced with different z-pin lengths.
Fatigue-induced failure of the shortest z-pins occurred mostly by pull-out, with a small
proportion of the pins failing by shear rupture. At the intermediate length, most of the z-pins were
partially pulled from the composite before failing by shear rupture. At the longest length the z-
pins failed by shear rupture along the crack plane, with no pull-out preceding final failure. This
transition in the mode II fatigue failure mechanism is attributed to competition that exists
between pull-out and rupture of the z-pins. When the z-pins are short, the bonded contact area
with the composite is relatively small and therefore interfacial shear stresses generated under
cyclic mode II loading high enough to cause debonding followed by pull-out. When the z-pins are
long, the large bonded area reduces the magnitude of the interfacial shear stress to a sufficiently
low value that pull-out does not occur. Instead, the segment of z-pin bridging the mode II fatigue
crack fails by shear rupture. At the intermediate z-pin length, a mixture of pull-out and shear
rupture occurs because the fatigue stress to cause debonding and pull-out is similar to the fatigue

stress to cause rupture.
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Mode Il Delamination Growth Rate
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Figure 4.15. Effect of z-pin length on the mode Il delamination fatigue resistance. The curves are
fitted to the data. The volume content and diameter of z-pins were 2% and 280 um, respectively, in

the z-pinned composites.

Table 4.4 Values for the Paris curve parameter ‘my’ for the unpinned and z-pinned composites.

. L Z-Pin Volume Linear Correlation
Z-Pin Length Z-Pin Diameter Content mi Coefficient (R)
No pins 2.7 0.89
2 mm 280 um 2.0% 4.3 0.68
4 mm 280 um 2.0% 4.9 0.91
8 mm 280 um 2.0% 3.3 0.88
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(©)

Figure 4.16. Scanning electron micrographs showing the fatigue crack surface of the composites
containing (a) short, (b) intermediate and (c) long z-pins under mode Il interlaminar fatigue loading.
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4.6 Conclusion

Z-pinning is an effective method for increasing the mode II interlaminar fracture toughness and
fatigue resistance of composite materials. The mode II fracture toughness increases with the
volume content up to a limiting value. The fracture toughness also increase with the z-pin

diameter and when the z-pin length is reduced because of a transition in the fracture mechanisms.

The threshold mode II cyclic strain energy release rate 4G, value to initiate the growth of mode
Il delamination cracks was increased by z-pins. 4Gy, increased with the volume content,
diameter and decreasing length of z-pins. Z-pinning also slowed the growth rate of mode II fatigue
cracking, particularly atlow and high cyclic strain energy release rate values. The maximum mode
Il interlaminar cyclic stress needed to cause the onset of unstable (rapid) fatigue cracking also
increased when the volume content and diameter of z-pins were increased. Z-pins increase the
mode II fatigue resistance by generating a large-scale extrinsic bridging zone along the fatigue
crack. The carbon fibre z-pins within the bridging zone fail via complex fatigue processes which,
in order of increasing crack sliding displacement, involve interfacial debonding, splitting and
shear fracture. Z-pins which have completely fractured are still capable of generating shear

traction loads via mechanical interlocking.
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Chapter 5: Mixed-Mode I/II Delamination Fracture
and Fatigue Properties of Z-pinned Composites

5.1 Abstract

This chapter presents an experimental investigation into the mixed-mode /Il interlaminar
fracture toughness and fatigue resistant properties of carbon fibre-epoxy laminate reinforced
with z-pins. The effects of the G;-to-G;; ratio on the delamination fracture toughening and fatigue
strengthening mechanisms of z-pins are also investigated. Previous studies (including this PhD
project) have showed that the fracture toughness and fatigue resistance are increased by z-pins
under mode I and mode II static and cyclic loadings, although z-pins are more effective under
mode I. The research presented in this chapter proves that the fracture toughness and fatigue
resistance of z-pinned laminates both increase with increasing mode I component of mixed-mode
loading, and this is due to a transition in the toughening mechanisms from shear deformation

(typical of mode Il loading) to pull-out (typical of mode I loading) of the z-pins.

5.2 Introduction

This PhD project and other studies have shown that there are a large number of parameters that
affect the capacity of z-pins to improve the delamination toughness and fatigue strength of
composite laminates. The effect of parameters such as the volume content, length and diameter
of z-pins on the fracture toughness have been experimentally and analytically investigated under
mode [ and Il loads [22-24, 26, 28, 30, 31, 34, 36, 44]. The results in chapters 3 and 4 have proven
that the mode II fracture toughness, fatigue properties and interlaminar strengthening
mechanisms are controlled by volume content, diameter, length and material properties of the z-
pins. However, the percentage of improvement is usually less for mode II compared to mode I

loading [15, 34], and this is due to z-pins generating higher traction loads in mode I.

Asreported in Chapter 2, z-pins increase the fracture toughness of composites under mixed-mode
I[/1l interlaminar loads [25, 32, 49, 106, 107]. Rugg et al. [25] investigated the mixed-mode
delamination behaviour of carbon-epoxy laminates reinforced with z-pins made of titanium or
composite. They showed that a low z-pin content (1.5 vol%) was sufficient to increase the
toughness by up to a factor of three. Rugg and colleagues also showed that z-pins improved the
ultimate failure load of T-joints by up to 40% when subjected to mixed-mode loading, although

the percentage improvement depends on the test configuration.
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There is a transition in the crack toughening and failure mechanisms of z-pins depending on the
interlaminar loading mode. Yasaee et al. [106] experimentally determined the effect of load angle
on the fracture load for composite blocks reinforced with a single carbon fibre z-pin. They
observed a change in the z-pin failure mechanism when transitioning from pure mode [ (which
involved debonding and pull-out) to mode Il (which involved shear failure). Due to experimental
difficulties however, it was not possible to measure the amount of absorbed strain energy for the
differentloading modes. Allegri et al. [108] extended the experimental study by Yasaee etal. [106]
by modelling the deformation and failure mode of z-pins when analysed as single beams
undergoing small and finite rotations by elastic deformation. Zhang et al. [107] developed a three-
dimensional finite element model to analyse the mixed-mode I/1I response of a z-pin embedded
in a laminate. The model takes into account the microstructure of z-pinned composites, and is
able to compute the bridging forces of a z-pin during debonding, pull-out and shear fracture.
Apart from these studies, the interlaminar fracture toughness properties and toughening
mechanisms of z-pinned laminates under mixed-mode interlaminar loads have not been
extensively studied. Also, there has been no study into the delamination fatigue properties of z-

pinned laminates under mixed-mode loading.

Presented in this chapter is an experimental study that aims to determine the effect of the mixed-
mode I/II loading on the fracture toughness, fatigue properties and delamination strengthening
mechanisms of z-pinned laminates. The effect of progressively increasing the percentage of mode
I loading from 0% (pure mode II), 25%, 50%, 75% and 100% (pure mode I) on the fracture and
fatigue properties of a laminate reinforced with carbon fibre z-pins is determined, and compared

to the mixed-mode properties of an unpinned composite.

5.3 Materials

The unpinned and z-pinned laminates used in this study were manufactured using unidirectional
T700 carbon fibre-epoxy resin prepreg tape (VTM264 supplied by Advanced Composites). The
plies were stacked in a [06/[90/0]:]s configuration to a thickness of 4 mm. The prepreg plies were
then z-pinned in the through-thickness direction using the ultrasonically-assisted pinning (UAZ)
process, which is described in Chapter 3. The laminate was z-pinned using the thin (0.28 mm
diameter) carbon fibre rods to a volume content of 2%. The unpinned and z-pinned laminates
were cured and consolidated under the conditions described in section 3.3.1. The composites

were made into delamination test coupons with the dimensions given in Figure 5.1.
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Figure 5.1. Schematic of the mixed mode-bending (MMB) z-pinned sample. The sample was 25
mm wide.

5.4 Mixed-Mode I/II Interlaminar Fracture Toughness and Fatigue Testing

The unpinned and z-pinned laminates were tested using the Mixed Mode Bending (MMB) fixture
shown in Figure 5.2. Tests were conducted using the experimental procedure specified in ASTM
standard D6671/D6671M-06 [109]. The base of the MMB fixture supports the test specimen
while the upper lever is loaded. The lever pin acts as a fulcrum which applies a downward force
at the mid-length of the MMB sample, and this induces a mode II-like interlaminar stress at the
crack tip while the rotation of the lever induces a mode [ opening displacement at the pre-cracked
end of the MMB sample. The length of the lever arm (c) was varied to achieve different mixed

G; — G;; mode ratios, which in this study were 0 (pure mode II), 0.25, 0.5, 0.75 and 1 (pure mode
0.

| lever

P
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(b)

Figure 5.2. (a) Schematic and (b) photograph of the mixed mode I/ll bending test apparatus.

The interlaminar strain energy release rate was measured by applying a monotonically increasing
displacement at the lever at a constant rate of 2 mm/min to the MMB sample. The delamination
crack was allowed to propagate at shortintervals (3 to 5 mm) from the pre-crack along the sample
mid-plane, and at each increment the values for crack length and load were recorded. These

values were used to calculate the total mixed-mode strain energy release rate using:

Gror = G + Gy (5.1)

where G; is the mode I component of strain energy release rate:

_ 12P?(3c¢-L)?

Gy = 16b2h312E,; (5.2)
and Gj; is the mode Il component of strain energy release rate:

_ 9P%(c+L)?
Gy = 16b2h312E, (5.3)
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P is the applied load. b, h and L are width, half-thickness and half-span length of the MMB sample,
respectively. c is the distance between the mid-length of the sample and the loading point of the

lever.

The mixed-mode interlaminar fatigue resistance was determined by applying cyclic loads to the
MMB sample at a frequency of 10 Hz and R ratio of 0.1, which is the ratio between the minimum
and maximum displacements in one load cycle. The fatigue crack was allowed to propagate for
short intervals, and at each increment the test was stopped and the load and crack length were

measured. The total cyclic strain energy release rate was calculated using:

AGeor = Grot max — Geot min (5.4)
where

Geot max = Grmax T Girmax (5.5)
and

Gtot min = Grmin + Girmin (5.6)

Values for the cyclic range of the strain energy release rate were increased from a very low value
for which there was no crack growth (below the threshold strain energy release rate for crack
growth) up to values for which fast (unstable) crack growth was observed. da/dN values were
measured over about 8 orders of magnitude (from 10-7 to 10 mm of crack growth per cycle), and

plotted as a Paris-like curve.

5.5 Failure Analysis Inspection

Scanning electron microscope (described in section 3.3.4) and X-ray computed tomography
(Figure 5.3) were used to analyse the delamination and strengthening mechanisms of the z-
pinned laminate following mixed-mode delamination testing. X-ray CT analysis was performed
by digitally processing 2000 cross-section images per round angle. Each of the 2000 photographs
(333 ms of time exposure) were obtained from a set of five images in total; two of which were
discarded. The three remaining images were digitally averaged and used to generate a three-

dimensional reconstruction of the MMB coupon. To obtain penetration of the X-rays through the
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laminate to the detector, the machine was operated at 40 kV and 140 pA for the beam voltage and

current, respectively. The resolution of the CT digital images was about 15 pm.

Figure 5.3. GE Phoenix v/tome/x X-ray CT machine.

5.6 Results and Discussion

Figure 5.4 shows the effect of the mixed-mode I/II ratio on the R-curves for the unpinned and z-
pinned laminates tested at 100% mode I or mode 1 loading. Irrespective of whether the unpinned
laminate was loaded in mode I or I, the R-curves were flat and within a short crack length (<10
mm) reached the steady-state fracture toughness value. This occurs because there was no
significant fibre bridging along the mode I or Il delamination cracks. There was only a small
difference between the fracture toughness values for the unpinned laminate loaded under mode
[ and mode II. Because the mode II R-curve was only slightly higher than the mode I curve, mixed-
mode /Il loading is expected to result in R-curves between the pure mode I and II curves with
very little difference in the fracture toughness values. For this reason, the unpinned laminate was

not tested under mixed-mode loading.

Figure 5.4 shows that the R-curve for the z-pinned laminate increased rapidly with an increasing
component of mode I loading. Figure 5.5 shows a plot of the mode /Il ratio on the steady-state
interlaminar fracture toughness (G:) of the z-pinned laminate. The delamination resistance
increases with the proportion of mode [ loading up to ~ 50%, above which there is no significant

further increases in toughness.
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Figure 5.4. Effect of mixed-mode I/1l ratio on the R-curves for the z-pinned (open data points)
laminate and 100% mode | and mode Il of the unpinned laminate.
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Figure 5.5. Effect of the mixed-mode I/ll ratio on the steady-state interlaminar fracture toughness
for the z-pinned laminate.The error bars indicate one standard deviation.

There is a change in the z-pin toughening mechanism when transitioning from pure mode I to
mode Il loading, as shown in Figure 5.6. Previous studies have shown that z-pins, when subjected
to mode I loading, debond and then pull-out from the laminate [28]. This PhD project and other

studies have shown that z-pins experience shear failure under pure mode Il loading, with no pull-
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out (unless the pin is very short). A combination of the mode I and mode II failure mechanisms
was observed when applying mixed loading conditions. The MMB samples loaded with a mode I
contribution of 50% and 75% experienced partial pull-out and shear failure of the z-pins (Figure

5.6). When loaded with 25% mode I the z-pins mostly failed by shear fracture.

100% mode Il 75% mode Il 50% mode Il 25% mode Il 0% mode Il
(@)

100% ﬁ 73% mi[‘);z,” ﬁ 25%
mode {1 mode I1 mode I1

(b)

Figure 5.6. (a) Cross-section X-ray CT photographs and (b) schematic representations of the failure
of a z-pin under different mixed mode ratios.

The Paris curves for the unpinned and z-pinned laminates for different mixed-mode /11 loads are
presented in Figure 5.7. The crack growth rate per cycle (da/dN) is plotted against the cyclic
strain energy release rate range (4G). As reported earlier, there is large scatter in the curves for
both the z-pinned and unpinned laminates, and this is due to the stick-slip nature of the fatigue
cracking process as well as difficulties in identifying the exact location of the crack tip. Despite
the large scatter, Figure 5.7 shows that increasing the mode I component increases the fatigue
resistance of the unpinned laminate over the entire range of stress intensity values. However, for
high AG values the difference is negligible for the unpinned laminate, and this is consistent with

the fracture toughness properties which are similar for mode I and mode IL
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Due to large scatter the crack initiation strain energy release rate value (AG;) was taken at a cyclic
growth rate of 107 mm/cycle. Using this value to define the crack initiation, then the threshold
value to initiate fatigue crack growth in the pinned laminate was increased about five times from
0% to 100% mode I component. Table 5.1 gives the values for the Paris curve parameter my;, for
the unpinned laminate. Although the my values are generally lower for the pure mode II

compared to the pure mode I, there is no clear trend when transitioning through different mixed-

mode [/II ratios.

Mixed Mode Delamination Growth Rate

Mixed Mode Delamination Growth Rate

Figure 5.7. Paris curves showing the effect of the mixed-mode ratio on the delamination fatigue
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resistance for the (a) unpinned and (b) z-pinned composites.
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Table 5.1. Values for the cyclic strain energy release rate to initiate crack growth (4G), and Paris
curve parameter my for the unpinned and z-pinned laminates. The linear correlation coefficient (R) for
the myy value is also given.

Unpinned Laminate Z-Pinned Laminate
2/Ioc!e | AG, Linear AG, Linear
ortion ] /m?] mii Correlation k] /m?] mii Correlation
Coefficient (R) Coefficient (R)
0% 0.03 2.7 0.89 0.52 4.9 0.91
25% 0.1 5.9 0.97 0.42 47 0.68
50% 0.13 5.5 0.87 0.49 4.3 0.66
75% 0.16 4.4 0.84 1.03 5.1 0.81
100% 0.15 6.7 0.81 2.5 8.4 0.88

Z-pins are highly effective at improving the delamination fatigue resistance under the different
mixed-mode loading conditions. Z-pins increase the threshold cyclic strain energy release rate
range to initiate crack growth (Table 5.1). The fatigue resistance increased with increasing mode
I loading component, and this is due to a transition in the fatigue strengthening mechanisms.
Figure 5.8 shows cross sectional views of a z-pin bridging the fatigue delamination crack for 100%
mode II, 50% mode I-50% mode and 100% mode 1. The z-pins experienced shear failure for pure
mode II loading. Under mode I, the pins debonded and pulled-out from the laminate. Under
mixed-mode fatigue loading (Gi/Gu = 50%), the pins experienced debonding and fracture. The
transition in the bridging traction properties due to changes in the bridging mechanism of the z-
pins accounts for the increasing efficiency of the z-pins to improve the fatigue resistance when

the mode I cyclic load component becomes larger.
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@ (b) (©)

Figure 5.8. Cross-sectional views of a z-pin bridgning the delamination fatigue crack under (a) 100%
mode II, (b) mixed mode I/Il = 0.5 and (c) 100% mode | cyclic loading conditions.

5.7 Conclusion

Previous research has shown that z-pins improve the mode I and mode II delamination toughness
and delamination fatigue resistance of laminates. The amount of improvement is controlled from
several parameters such as volume content, length, diameter and material properties of z-pins.
The study reported in this chapter has proven that the interlaminar fracture toughness and
fatigue resistant properties of z-pinned laminates also depend on the mixed-mode I/II ratio. Z-
pins are more effective under mode I than mode II because of their ability to generate higher
traction energy associated with pull-out, caused by high friction forces as the pin slides against
the laminate. When increasing the mode I component, both the delamination toughness and

fatigue resistance were improved, and this was due to a transition in the toughening mechanisms.
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Chapter 6: Impact Damage Tolerance of Z-pinned
Laminates

6.1 Abstract

This chapter presents an experimental investigation into the impact damage resistance and
compressive properties of carbon fibre reinforced epoxy laminates reinforced with z-pins. The
effects of z-pin material and length on the barely visible impact damage response and
compressive properties (pre- and post-impact) of a cross-ply carbon-epoxy laminate was
evaluated. Impact tests were performed on composite coupons at different incident energy levels
(10 to 60 ]), depending on the laminate thickness. C-scan ultrasonic and X-ray computed
tomography revealed that the impact loading resulted in barely visible damage consisting of
multiple delamination and matrix cracks together with back-face splitting to the unpinned
laminate and different types of z-pinned composites. The amount of impact-induced
delamination damage to the composite was reduced by z-pinning. The percentage reduction to
the impact damage due to z-pins increases with the impact energy due to the development of a
larger-scale crack bridging zone. The impact damage resistance was similar (within 10%) for the

different metals used for the z-pins, although the carbon fibre z-pins were the most effective.

Pre-impact compression testing revealed the z-pins did not change significantly the compressive
modulus, although the strength is reduced by about 5 to 15% because of fibre waviness induced
by the z-pins. The post-impact compressive strength of the z-pinned laminates was higher (about
20%) than the unpinned material, and this was due to the z-pins reducing the impact damage
area. Pre- and post-impact compressive properties were similar for the different materials used

for the z-pins.

6.2 Introduction

A large body of experimental and numerical research has led to a thorough understanding of the
delamination properties and interlaminar toughening mechanisms of z-pinned laminates for the
modes |, Il and mixed I/IIloading conditions, and this was reviewed and described in the previous
chapters. As a consequence, z-pins can reduce the amount of delamination damage caused by
impact events from low energy objects, ballistic projectiles and large hailstones [27, 43, 56, 110,
111]. The improved impact damage resistance gained with z-pins results in higher post-impact

in-plane compressive properties compared to unpinned laminates [27, 58, 110]. For these
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reasons, z-pinning is a promising technology for increasing the impact damage resistance and
damage tolerance of aircraft composite structures. Zhang et al [54] found that the damage area
caused by an impact event was reduced up to 64% by z-pins, depending on the impact energy and
laminate thickness. A similar improvement (up to 50%) was measured by Childress and Freitas
[112]. The improvements to the impact damage resistance is due to z-pins forming a large-scale
bridging zone which increases the delamination toughness. However, z-pins are ineffective at
increasing the threshold energy necessary to initiate the damage because of their inability to

impede short delamination crack growth (below 5-to-10 mm) [113, 114].

Due to fibre waviness caused by z-pin insertion, z-pinned laminates have reduced in-plane
compression modulus and strength (although the loss is usually below 10%) [44, 64-66]. The
post-impact compressive strength is usually higher for z-pinned laminates, and this is due to the
reduced impact damage area compared to the unpinned laminate and higher buckling resistance

due to z-pins resisting opening displacement between plies [58, 110].

This research chapter aims to investigate the effects of the material and length of z-pins on the

impact resistance and post-impact compression properties of carbon-epoxy laminates.

6.3 Composite Material

Unpinned and z-pinned composite specimens were manufactured to different thicknesses using
unidirectional T700 carbon fibre-epoxy prepreg tape. The laminates were stacked in [0/90]ss,
[0/90]ss or [0/90]ss ply pattern to obtain a thickness of 2, 4 or 7 mm, respectively. The laminates
were then reinforced with carbon fibre z-pins to a volume content of 2% and diameter of 510 pum,
as reported in Table 6.1. The only difference between the composites was the embedded length
of the z-pins; all other z-pin parameters such as diameter (510 um) and volume content (2%)

were fixed.

The effect of the z-pin material was investigated for 4 mm thick laminates. The z-pins were made
of carbon fibre composite, stainless steel, titanium or copper (see Chapter 3 for the material
properties). The z-pins were inserted in a 60 mm x 100 mm sized central region of the laminate
coupon (as indicated in Figure 6.1) using the insertion processes described in Section 3.3. By z-
pinning completely across the width of the composite coupon, a centre-symmetric loading
condition was achieved. Carbon-epoxy laminates without z-pins were also manufactured so that

the improvement due to z-pins could be assessed. The unpinned and z-pinned laminates were
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cured within an autoclave at 120°C and 620 kPa. Samples were subsequentially cut to the

dimensions of 100 mm wide x 150 mm long (Figure 6.1).

Table 6.1. Composite samples used in the experimental work.

Effect of Z-Pin Length

Z-Pin Length Z-Pin Diameter Z-Pin Volume Content
no pins no pins no pins
2mm 510 pum 2.0%
4 mm 510 pum 2.0%
7 mm 510 pum 2.0%

Effect of Z-Pin Material (4 mm length)

Z-Pin Material Z-Pin Diameter Z-Pin Volume Content
no pins no pins no pins
carbon fibre 510 um 2.0%
stainless steel 510 um 2.0%
titanium 510 pum 2.0%
copper 510 pum 2.0%

z-plhned region

2/4/7mm

60mm
150mm

zy oy

.

x

Figure 6.1. Schematic of the z-pinned samples used for impact testing.

6.4 Research Methodology

Barely visible impact tests were performed on the unpinned and z-pinned laminates using the
instrument shown in Figure 6.2 and under the conditions illustrated in Figure 6.3. The samples
were supported along their edges using clamps. All tests were performed using a 12 mm
hemispherical hardened steel impactor which weighed 3.8 kg. The impactor was dropped (free-
fall) from different heights on to the center of the coupon (Figure 6.3). The impactor was

instrumented with a dynamic force transducer to measure the impulse force-time response
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during contact with the coupon. The impulse force was measured at a sampling rate of 19.2 kHz.

Three samples for each combination of material and impact energy were tested.

Following impact, the laminates were visually and ultrasonically inspected to determine the type
and measure the damaged area caused by the impact. The unpinned and z-pinned laminate
coupons were inspected before and after impact testing with through-thickness (C-scan)
ultrasonics using a Omniscan MXU-M instrument (Figure 6.4). A 5 MHz ultrasonic transducer
(Model 5L-64-NW1) was used. All inspections were performed on the impacted surface of the

coupon using a gain of 5, 10 and 12 dB for the 2, 4 and 7 mm thick samples, respectively.

The pre- and post-impact compressive strengths of the unpinned and z-pinned laminates were
measured using the Airbus compression test method (AITM1-0100). The coupons were
compressed along the 0° fibre direction at an end-shortening rate of 0.5 mm/min until failure.
The ends of the coupon were clamped whereas the sides were laterally supported using anti-
buckling guides, as shown in Figure 6.5. Three samples of the unpinned laminate and the different

types of z-pinned composites were compression tested.

Figure 6.2. Facility used for impact testing the unpinned and z-pinned laminate coupons.
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Figure 6.3. Schematic representation of the impact test.
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Figure 6.4. Omniscan MXU-M instrument used for C-scan ultrasonic inspections of composite
coupons.
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Figure 6.5. Compression test set-up for the laminate coupons.

6.5 Results and Discussion

6.5.1 Impact damage resistance

Figure 6.6 compares the impulse force-time curves measured for the unpinned and different
types of z-pinned composites with different thicknesses. The curves were similar in profile for
the different z-pin materials, and so only profiles for the carbon fibre pins are shown. The
oscillations in the curves are due to a combination of load drops caused by damage within the
composite and vibrations (dynamic stress waves) within the impactor. The amplitude of the
oscillations was significantly larger for the unpinned laminates and this possibly indicates more
damage growth. It was found that the maximum load recorded was slightly higher for the z-
pinned laminates. This is possibly because of the reduced impact damage which limited the loss

in compliance.
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Figure 6.6. Effect of impact energy on the impulse load-time response of the (a) 2 mm, (b) 4 mm, and
(c) 7 mm thick unpinned and z-pinned laminates.

6.5.2 Impact damage resistance of z-pinned laminates

Following impact testing, the unpinned and z-pinned laminate coupons were inspected visually
as well as using through-transmission ultrasonics and X-ray computed tomography. Visually, the
front of the composites (impacted side) had a shallow dent where the impactor locally crushed
the surface. The back surface showed longitudinal splitting cracks which was aligned in the 0°
fibre direction. These damage features were observed for the unpinned and different types of z-

pinned composites. C-scan images of the unpinned laminate and one of the z-pinned composites
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are presented in Figure 6.7. The delamination damage is characterised by a quatrefoil shape with
the four lobs oriented along the 0° and 90° fibre directions. This shape is attributed to the cross-
ply (0°/90°) fibre orientation of the laminates. Figure 6.8 shows the typical damage propagation
in the 2, 4 and 7 mm thick z-pinned laminates. Thin samples, which experience large bending
deflection during impact, experienced matrix cracking and laminate splitting near the back
(opposite the impact side). With the thicker samples (above 4 mm), the impact induces higher

localised shear stresses which cause fibre failure surrounding the impact location.

Figure 6.7. C-scan ultrasound images of impacted (a) unpinned and (b) z-pinned laminates. The z-
pinned sample was reinforced with the carbon fibre pins. Both samples were 4 mm thick and
impacted at an incident energy of 30 J.
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Figure 6.8. Cross-sectional X-ray CT images showing the effect of the laminate thickness on
damage to the (a) 2 mm, (b) 4 mm and (c) 7 mm thick z-pinned laminates. 2, 4 and 7 mm thick
coupons were impacted at an incident energy of 20, 30 and 60 J, respectively.

Figure 6.9 show the effect of incident impact energy on the delamination damage area for the
unpinned and z-pinned laminates. The area was measured from C-scan ultrasound images using
raster graphics editor software. The z-pins reduced significantly the impact damage area,
irrespective of their material properties and length. It was found that the percentage reduction in
the damage size due to z-pinning increases with the impact energy. This is due to the development
of alarge-scale bridging zone by the z-pins which increases the delamination fracture toughness.
As observed by Isa et al. [110], z-pins do not provide benefits at low impact energies because the
delamination cracks are too short for the pins to form a large-scale bridging zone. Indeed, the 2
mm thick laminate reinforced with carbon fibre z-pins and impacted at 10 ] showed a similar
amount of damage to the 2 mm thick unpinned laminate. However, higher damage resistance
occurred with the z-pinned laminate at the higher impact energy (20 ]). The largest improvement
in damage resistance was achieved using 4 mm long z-pins (Figure 6.9b), with a reduction of~55%
to the damage area. The results in Figure 6.9b also show that, z-pin influenced the impact damage
resistance. The improvement to the impact damage resistance correlated with the increase in the
interlaminar toughening effect of the z-pins, which was lowest for copper, similar for stainless

steel and titanium, and best for carbon fibre.

During impact loading the z-pins are elastically deformed, partially or completed debonded from
the surrounding composite material, and may experience partial pull-out and deform in shear

during delamination cracking (Figure 6.8). Numerous studies have shown that these crack
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bridging processes of the z-pins generate high traction loads and absorb a large amount of energy
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Figure 6.9. Effect of impact energy on the damage area for the (a) 2 mm, (b) 4 mm and (c) 7 mm
thick unpinned and z-pinned laminates. The numbers above the bar charts indicate the percentage
reduction in the damage area compared to the unpinned material.

6.5.3 In-plane compressive properties

Compressive stress-strain curves measured for the unpinned laminate and a z-pinned composite
without and with impact damage are presented in Figure 6.10. The unpinned material exhibited
a linear stress-compression displacement relationship to final failure, and there was no evidence
of inelastic deformation before failure. With the z-pinned laminate, the catastrophic failure was
announced by forming of micro-cracks around the pin locations which can be seen in the stress-
displacement curve in small load oscillations (~ +5 N). Irrespective of the presence of z-pins,
impacted laminates all failed by damage propagating from the impact point. The results show
that the z-pins caused a small variation to the elastic compressive response of the composite
material; furthermore, the z-pinned composites always failed within the centre z-pinned region
by microbuckling/kinking, as shown in Figure 6.12, which leads to the finding that the pins did

not change the compressive failure mode.
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The pre- and post-compressive strengths of the unpinned laminate and different types of z-
pinned composites are shown in Figure 6.11. The average pre-impact strengths for the z-pinned
laminates are similar or slightly lower (up to 10%) than the unpinned laminate having the same
thickness. As reported in Chapter 2, published research into the compressive properties of z-
pinned composites show that z-pins can reduce the pre-impact compressive modulus and
strength [65, 66, 110], and this is due to in-plane fibre waviness and out-of-plane fibre crimping
caused by the pins [65, 110]. Numerical (finite element analysis) and experimental testing shows
that fibre waviness and crimping lowers the compressive strength needed to initiate kinking of
the load-bearing fibres in z-pinned composites [65, 66, 110]. Other studies report reductions to
the compressive strength of quasi-isotropic carbon-epoxy composites up to about 14% due to z-
pinning [115]. Therefore, the measured changes to the compressive strength of the composites

studied here are within the range reported by other studies.

Figure 6.11b shows the effect of the z-pin material on the pre-impact strength. Irrespective of the
z-pin material used, the pre-impact compressive strengths are similar and this is expected due to
the same geometry of the different z-pins which thereby causes the same amount of in-plane fibre

waviness and out-of-plane fibre crimping.
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Figure 6.11. The pre- and post-impact compressive strengths for the (a) 2 mm, (b) 4 mm and (c) 7

mm thick laminates. The error bars indicate one standard deviation.
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Figure 6.12 shows the failure modes of the unpinned laminate and z-pinned composites with
different thicknesses. The failure mechanism was not affected significantly by z-pins, and both
the unpinned and z-pinned laminates failed by kinking and microbuckling. As expected, the post-
impact compressive strengths for the unpinned laminate and different types of z-pinned
composites were lower than the pre-impact strength (Figure 6.11). The percentage reduction in
compressive strengths caused by the impacts for the unpinned laminate was greater than for the
z-pinned materials. That is, z-pinning minimized the percentage loss in post-impact compressive
strength of the composite material, and are typically~20% higher. Furthermore, the post-impact

strength of the z-pinned composites was not affected significantly by the type of z-pin material.

@)

(b)
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Figure 6.12. X-ray images showing compressive failure of the unpinned (left) and z-pinned (right)
laminates for the (a) 2 mm, (b) 4 mm and (c) 7 mm thickness.

6.6 Conclusion

This and other studies have proven that z-pinning is an effective technique to reduce the amount
of impact damage and increase the compression-after-impact properties of carbon fibre epoxy
laminates. The effect of the length and mechanical properties of z-pins were investigated, and it
was found that the z-pins reduced the impact damage area by up to 50% and improved the post-
impact compressive strength by about 20%. Z-pins are effective in reducing the impact damage
because of the greater amount of energy absorbed by the elastic deformation, debonding and
partial pull-out. Increasing the impact energy increases the percentage reduction to the impact
damage due to the development of a large-scale bridging zone. The material properties of the z-

pins do not affect significantly the impact damage resistance of the laminates.
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Chapter 7: Electrical Conductivity and Damage
Detection of Z-Pinned Composites

7.1 Abstract

Presented in this chapter is an experimental study into the effects of the volume content and
electrical properties of z-pins on the through-thickness and in-plane electrical conductivity of
carbon-epoxy laminates. The laminates were reinforced with z-pins made of carbon fibre,
stainless steel, titanium or copper, which have different electrical properties. It was found that
the through-thickness conductivity is increased (up to 6 orders of magnitude with copper pins)
due to z-pins being highly conductive and creating preferential paths for current flow. However,
varying the volume content or electrical properties of the z-pins did not change significantly the
in-plane conductivity of the laminates. A simple model based on rule-of-mixture can predict the

electrical conductivity properties of z-pinned laminates.

In the second part of the work, the use of z-pins to detect delamination cracking due to changes
to the through-thickness electrical resistance of carbon-epoxy laminates was investigated.
Double cantilever beam (DCB) z-pinned samples were loaded under increasing crack opening
displacement. The through-thickness electrical resistance was found to increase with increasing
delamination length. The higher the volume content of z-pins then the larger was the effect of the
variation of the through-thickness resistance. This reveals that z-pins can be used for

delamination crack detection.

7.2 Introduction

A problem with using carbon fibre composites in aircraft structures is their low planar and
through-thickness electrical conductivity, which is due mostly to the low conductivity of the
epoxy matrix and resistance of the fibre-matrix interface. The Federal Aviation Authority (FAA)
regulations [90] specify that lightning strike protection must provide a continuous conductive
path over the entire aircraft surface. Even stricter conditions apply to components at high risk of
lightning strikes, such as the radome or nose which are required to withstand currents up to 200
kA without being severely damaged. Other regions (e.g. wings and fuselage) are only required to
act as a conductive path for the current. Aircraft designers are forced to insert fine copper mesh
into composites to protect the aircraft from lightning strike, although the meshes are expensive

and add weight.
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The electrical conductivity of composites can be improved by the addition of conductive
nanofillers to the polymer matrix such as carbon nanotubes (CNTs) [85-88], carbon nanofibres
(CNFs) [89,90] and graphene [91, 92]. Research reveals that a small addition of carbon nanofillers
(1-2 wt%) can increase the electrical conductivity by many orders of magnitude. Ladani et al. [85]
have shown that by electro-magnetically orienting the nanofillers prior to resin curing can further
increase the electrical conductivity in the through-thickness direction, particularly for low weight

contents of CNFs.

Zhang et al. [116] recently reported the only research work that aims to provide z-pinned
composite of damage sensing properties via the measurement of through-thickness electrical
resistance. This technique was able to detect the location and length of mode I delamination
cracks in carbon-epoxy laminate. The technique works by monitoring the electrical conductivity
of the z-pins. When they fail by pull-out there is a large increase to the resistance, indicating
cracking. However, only one type of z-pinned laminate was studied, and the method has practical

limitations.

This research chapter presents an experimental investigation into the electrical properties of
carbon-epoxy laminates in the through-thickness, longitudinal and transverse directions. The
effects of the electrical properties of the z-pins and their volume content were determined. The
research also investigates the suitability of z-pins to detect delamination cracks in carbon-epoxy

laminates.

7.3 Materials and Experimental Methodology

7.3.1 Electrical conductivity tests

Z-pinned composite blocks were manufactured using carbon fibre-epoxy prepreg tape (VTM
264). The geometry and dimensions are shown in Figure 7.1. The uncured plies were stacked in
a [0]zs ply sequence to a total thickness of 5 mm. The uncured laminate was reinforced in the
through-thickness direction with z-pins made of unidirectional carbon fibre-bismaleimide (BMI),
copper (99.9% purity), titanium (grade 1; 99.5% purity) or stainless steel (316L). The length (5
mm) and diameter (510 um) of the z-pins was the same for the different laminates. The carbon
fibre z-pins were inserted into the uncured laminate using the UAZ process whereas the metal z-
pins were manually inserted, as described in Section 3.3.1. The electrical conductivity properties
of the unpinned laminate and the different types of materials used for the z-pins are shown in

Figure 7.2. The z-pins were inserted at different volume contents (between 0.25% and 4%).
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Figure 7.1. (a) Photograph and (b) dimensions of the composite samples for electrical conductivity
testing. The z-pin in (b) is not to scale.
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Figure 7.2. Electrical conductivity values for the unpinned laminate and the materials used for the z-
pins [117]. The values for the laminates and the carbon BMI z-pins were measured.

The surfaces of the unpinned and z-pinned laminates were machined flat and then polished using
diamond paste (0.5 um). The surfaces where then coated with silver electrical conductive paste

(60% silver). A light through-thickness pressure was applied to the sample to ensure contact
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between the copper plates (used as probes) and the laminate surfaces (Figure 7.3). The electrical
measurements were performed using the 4-wires method and using a Keysight micro Ohm meter

(type 34420A).
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Figure 7.3. (a) Photograph and (b) schematic of the test set-up.

7.3.2 Delamination length detection

Unpinned and z-pinned DCB laminates were made using unidirectional T700 carbon fibre-epoxy
prepreg for the delamination crack detection testing. The prepreg was reinforced with 280 um
diameter carbon fibre z-pins at the volume contents of 0.5%, 2% or 4%. In addition, laminates
containing carbon fibre, titanium, stainless steel or copper z-pins were produced. These
laminates contained 510 pm diameter z-pins at the volume content of 2%. Both the unpinned and
z-pinned laminates were sandwiched between 2 mm-thick laminates tabs which were co-cured

in an autoclave.

The DCB samples were loaded at the pre-cracked end at a constant displacement rate of 2
mm/min. The crack was forced to propagate at short intervals (1 to 2 mm). For each interval the
test was stopped, and the electrical resistance of the delaminated composite (R¢) in the through-
thickness direction (e.g. 90° to the crack plane) was measured and compared against the original
resistance value (Ro). This process was repeated multiple times as the delamination grew to a

final length of ~130 mm.
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Figure 7.4. (a) Photograph and (b) schematic showing the electrical resistance measurement of a
z-pinned DCB specimen.

7.4 Results and Discussion

7.4.1 Electrical conductivity

Figure 7.5 shown the effects of the volume content and material properties of z-pins on the
through-thickness electrical conductivity of the carbon-epoxy laminate. The electrical
conductivity was increased by the z-pins in the order: carbon fibre (least effective), stainless steel,
titanium and copper (most effective). This order correlates with the electrical conductivity of the
z-pin material (see Figure 7.2). The conductivity also increased at an almost linear rate with the

volume content of z-pins.

A simple analytical model based on rule-of-mixture can be used to closely calculate the through-

thickness electrical conductivity (o) of the z-pinned laminates:

0z = Opin ° (Vpin) +0, (1— Vpin) (7.1)
where Vp;, and op;, are the volume content and axial electrical conductivity of the z-pins,
respectively. g, is the through-thickness conductivity of the unpinned laminate. The solid curves

in Figure 7.5 show the calculated electrical conductivities for the different z-pinned laminates,

and there is excellent agreement with the experimental conductivity values.
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Figure 7.5. Effect of volume content and material of the z-pins on the through-thickness electrical
conductivity of the carbon-epoxy laminate.

Figure 7.6 shows the effects of volume content and material of the z-pins on the electrical
conductivity measured in the longitudinal (0° fibre) and transverse (90°) directions for the
laminate. It was found that the in-plane electrical conductivity was not affected significantly by
the z-pins whereas the transverse conductivity was reduced slightly. The longitudinal
conductivity was not affected by z-pins because the carbon fibres, which conduct most of the
electric current, are not disturbed significantly by the z-pins (Figure 7.7a). There is a small
reduction to the transverse conductivity, and this is attributed to the resin-rich regions (Figure
7.7b) (described in section2.3.2) containing epoxy resin which is a dielectric material disrupting
the current flow near the z-pins. The electrical conductivity may also be reduced by interfacial
cracking between the z-pins and laminate, which disrupts the current flow. As mentioned in
Chapter 2, this cracking is caused by differences in the thermal expansion coefficients of the z-
pins and composite material. Z-pin insertion, however, creates a high density fibre region (Figure
7.7b) which increases the fibre-to-fibre contact near the pins resulting in an improved localised
electrical conductivity. Figure 7.6b show that the detrimental effect on the transverse
conductivity is higher for the metal pins (although is small), which also (as reported in section
3.3.1) have a larger thermal expansion coefficient which is reflected in more extensive interface

cracking.
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Figure 7.6. Effects of the volume content and material of z-pins on the (a) longitudinal and (b)
transverse elecrical conductivity of the carbon-epoxy laminates.
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Figure 7.7. Schematic of a z-pinned laminate showing the effect of a z-pin on the (a) longitudinal
and (b) transverse electrical conductivity.

7.4.2 Delamination crack detection

Figure 7.8 shows the effect of the delamination crack length on the through-thickness electrical
resistance for the unpinned laminate and composites reinforced with the carbon fibre z-pins at
different volume contents. In all cases the resistivity increases with crack length due to the
delamination disrupting current flow in the through-thickness direction. The curve for the

unpinned laminate, compared to the z-pinned composites, shows less sensitivity to delamination
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crack growth. It is believed that the larger increase in electrical resistivity for the z-pinned
composites is due to pull-out of the z-pins, which represent the only conductive path for current
flow across the delaminations (Figure 7.9a). When the delamination crack length further
increases the following row of z-pins becomes the new conductive path that still has the same
resistance (Rpin) which is much smaller compared to the resistance (Rin-piane) that connects the
probe to the conductive z-pin row. That s, for the z-pinned laminates the change in the measured
(resistance measured using the multimeter) resistance is dominated by the change in the in-plane
resistance which increases with the delamination crack length. For the z-pinned laminates the

change in the measured resistance can be written as:

ARpinned—tot(Aa) = 2ARL'n—plane (Aa) + ARpin ~ AZRin—plane(Aa) (7-2)

The through-thickness resistivity change increases with the volume content of z-pins up to 2%,

above which there is no further significant increase.
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Figure 7.8. Effect of volume content of z-pins on the change to the through-thickness electrical
resistance of the unpinned and z-pinned laminates.

For the unpinned laminate, Rin-piane is much lower than the through-thickness resistance (R,)
which is almost constant for increasing delamination lengths. This results in a smaller change in
resistance with increasing delamination crack length for the unpinned laminate. For the unpinned

laminate the change in the electrical resistance can be written as:
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ARunpinned—tot(Aa) = AZRin—plane (Aa) + ARunpinned = ARunpinned (73)
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Figure 7.9. Schematic drawings showing the electrical conductive mode for a (a) z-pinned and (b) an
unpinned laminate.

Figure 7.10 shows the effect of the delamination crack length on the through-thickness electrical
resistance for the unpinned laminate and the composites reinforced with z-pins made of different
materials. Irrespective of the electrical conductivity of the z-pins, the measured through-
thickness electrical resistance increases with the delamination crack length. The through-
thickness resistance change is higher when using carbon fibre composite compared to metals.
This difference is attributed to more extensive interfacial cracking around the metal z-pins.
Because of the higher thermal expansion coefficient of the metal z-pins they experience more
severe interfacial cracking. This is believed to have an insulating effect between the z-pins and
the laminate, forcing the current flow into the surrounding laminate. This creates an electrical
conductive mode (Figure 7.11c) which is a combination between the two conductive modes

schematically displayed in Figure 7.11a and b.
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Figure 7.10. Effect of the of z-pin material on the through-thickness electrical resistance
measurement for the unpinned and z-pinned laminates.
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Figure 7.11. Electrical conductive mode for an (a) unpinned laminate and a z-pinned laminate
reinforced with (b) carbon fibre composite and (c) metal z-pins. The arrows indicate the current flow
paths.

7.5 Conclusion

Z-pinning is an effective technique for increasing the through-thickness electrical conductivity of
carbon fibre epoxy laminates. The conductivity increases linearly with the volume content of z-
pins due to the creation of conductive paths for the current flow in the through-thickness
direction. The conductivity depends on the electrical properties of the z-pin, and it increased in

the order: carbon fibre composite (least conductive), stainless steel, titanium and copper (most
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conductive). The planar electrical conductivity was not affected significantly by the z-pins. The z-
pins had a small detrimental effect on the transverse conductivity due to dielectric resin-rich

regions surrounding the pin sites.

Z-pins can be used for delamination damage detection in laminates loaded under mode I. The
measured through-thickness resistance increased with the delamination crack length and, due to

different conductive modes, the changes in the resistivity were greater for the z-pinned laminates.
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Chapter 8: Thermal Diffusivity of Z-Pinned
Composites

8.1 Abstract

On aircraft, cooling of components such as leading edges on supersonic aircraft, surrounding
areas to the auxiliary power unit (APU), and hydraulic pump enclosures require high heat
transfer capacity to efficiently and rapidly dissipate heat. Carbon fibre polymer matrix
composites are characterised by low through-thickness thermal conductivity, and this can be a
concern when used on aircraft. This chapter presents a finite element (FE) modelling study
investigating the thermal properties of z-pinned laminates. The effects of the volume content
(from 0 to 5%) and material (carbon fibre, stainless steel, titanium, copper) of z-pins on the
through-thickness and in-plane thermal diffusivities was analysed using the laser flash method
which was implemented into an FE model. The improvements to the through-thickness thermal
diffusivity can also be predicted using a simple model based on the rule-of-mixture. The through-
thickness thermal diffusivity can be improved significantly by increasing the volume content and
thermal conductivity of z-pins, and it is improved in the order: stainless steel, carbon fibre,
titanium and copper (most effective). The through-thickness thermal diffusivity is increased by
z-pins (up 10 fold) which create a preferential path for heat transfer in carbon-epoxy laminates.
However, varying the volume content and thermal conductivity of z-pins did not significantly

affect the in-plane thermal diffusivity.

8.2 Introduction

The through-thickness thermal conductivity of polymer matrix composites is strongly influenced
by the thermal properties of the matrix and fibre-matrix interface. There is a large body of
experimental and numerical research that have studied the effectiveness of different approaches
to improve the thermal conductivity of composites. The most common approach is the inclusion
of nanofillers made of highly-thermally conductive materials such as carbon or metals [84, 118-
124] or a combination of the two [125]. Once embedded into the matrix, the fillers create a
thermal conductive path through the laminate (Figure 8.1). Shape, aspect ratio, distribution,
volume content and material of the fillers are all parameters that significantly affect the thermal
conductivity properties of the laminate. Han et al. [126] enhanced the through-thickness thermal

conductivity of carbon fibre polymer matrix composites using carbon black. Carbon black was
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dispersed between the ply layers using ethylene glycol monoethyl ether (EGME). It was
experimentally observed by Han and colleagues that the EGME itself is able to increase the
thermal conductivity by partially dissolving the uncured resin on the prepreg tape which
increases the fibre/fibre contact. The thermal conductivity was increased using this method by
about 36%. The small amount of carbon black (0.8 wt%) increased the conductivity by about
210%. Other research has studied the synergetic effect due to the combination of carbon and
metal fillers. Kandare et al. [125] combined graphene-nanoplatelets with silver particles or wire,
and found a synergetic effect due to the combined fillers which is higher than the sum of the single
components resulting in an improvement to the through-thickness thermal conductivity of about
70%. Han et al. [127] measured improvements of ~60% in the through-thickness thermal
conductivity by increasing the cure pressure which increases the fibre/fibre contact. Highly
conductive nanofillers and surface modified fibres are effective ways to increase the through-
thickness thermal conductivity. It has also been proven that these techniques can be effective at

improving the delamination resistance of composite laminates [86, 87, 89,91, 92, 128].

matrix silver nanowire lamina

Figure 8.1. Silver nanowires interconnecting carbon fibre laminas within a composite laminate to
increase the thermal conductivity [125].

The only reported work to investigate the effect of three-dimensional fibre reinforcement on the
through-thickness thermal conductivity of CFRP was performed by Schuster et al. [129]. The
insertion of copper wire as the z-binder (6%vol) in 3D woven carbon fibre composite resulted in
the through-thickness thermal conductivity being increased up to 8 times over the benchmark
composite without z-reinforcement. Although this technique is much more effective than the
filler-based approaches at increasing the thermal, conductivity, not considering the higher
delamination resistance properties, it is still hard to implement on prepreg materials, which in
aerospace structures represents the preferred choice for manufacturing highly-loaded

components.
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In this chapter, the effects of the volume content and material of z-pins on the thermal diffusivity
of carbon fibre-epoxy laminates is numerically investigated using finite element (FE) analysis.
The FE model was validated for some common materials properties found in literature review
and results were compared with values predicted with a simple model based on the rule-of-

mixture.

8.3 FE Model and Test Methodology

Figure 8.2a shows the finite element model used in this study to model the thermal diffusivity of
z-pinned laminates. 10 mm wide x 10 mm long, 5 mm thick unit cell blocks were modelled and
meshed using 8 node linear heat transfer bricks (DC3D8 type Abaqus®). The effects of the volume
content (from 0 to 5 vol%) and material (carbon fibre, stainless steel, titanium and copper) of the
z-pins on the thermal diffusivity was numerically investigated. The laser flash analysis was
numerically implemented and used to compute the thermal diffusivity in the thickness (z) and
planar (x, y) directions of the unpinned and z-pinned laminates. A unit heat-step pulse (1 W/m?)
of short duration (1 ms) was applied on one side of the sample and the temperature rise on the
back surface (average nodal temperature) was compared, and then used to calculate the thermal
diffusivity of the composites. The thermal diffusivity for the unpinned and z-pinned laminates

was calculated using [130]:

d2

ts09%

a =0.1388- (8.1)

where d is the thickness of the sample and t5q, is the time for the backside surface (average nodal
temperature) to reach the 50% of the maximum temperature rise from the instant of heat pulse
application (Figure 8.2b). The back surface was assumed to have a film convection coefficient of
5 W/(m?K) (typical free air convection value) whilst the remaining surfaces were considered as

adiabatic.
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Figure 8.2. (a) FE model and (b) schematic of the test used to compute the thermal diffusivity of the
unpinned and z-pinned laminates.

The thermal properties of the materials used in the modelling are given in Table 8.1. The linear

curves in Figure 8.4 show the calculated increases in the thermal diffusivity using Equation 8.2.

Table 8.1. Thermal material properties [131-136].

Thermal Thermal Diffusivity =~ Thermal Diffusivity
Material Conductivity FE Model Literature
[W/m-K] [mm?/s] [mm?/s]
CFRP x-direction (55% Vf) 7 9.5 /
CFRP y-direction (55% Vf) 0.8 2.6 /
CFRP z-direction (55% Vf) 0.6 1.3 /
z-pins axial-direction (60% Vf) 10 11.9 /
z-pins transverse-direction (60% Vf) 0.8 / /
pure copper 385 112 111
stainless steel 316L 16.3 4.7 4.1
titanium (grade 1) 16 6.6 6.8
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8.4 Results and Discussion

Figure 8.3 shows the calculated temperature rise at the back surface (x-y plane) for the unpinned
laminate and for the composites reinforced with copper z-pins (0.2, 0.8 and 1.8 vol%). As
expected, the heating rate increases with the z-pin content, and therefore the time for the
temperature to reach the 50% threshold is reduced and this is reflected in higher thermal
diffusivity (Equation 8.1). The effects of the volume content and material of z-pins on the through-
thickness thermal diffusivity is shown in Figure 8.4. The improvement to the thermal diffusivity
depends on the thermal properties of the z-pin, with stainless steel being the least effective,

followed by carbon fibre composite and titanium, and then copper being the most effective.

A simple analytical model based on the rule-of-mixture is used to predict the through-thickness

thermal diffusivity:

Az = Upin ° (Vpin) +a, (11— Vpin) (8.2)

where V,;, and ay,;,, are the volume content and the thermal diffusivity of the z-pins respectively

and a,, is the through-thickness diffusivity of the unpinned laminate.
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Figure 8.3. Back surface temperature rise for laminates reinforced with copper z-pins at different
volume contents. The arrow indicates when the heat pulse was applied.
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Figure 8.4. Effects of the volume content and material properties of z-pins on the through-thickness
thermal diffusivity for the carbon-epoxy laminate using FE analysis and rule-of-mixture.

Z-pins are effective in improving the through-thickness thermal properties of laminates because

of their high thermal properties compared to the host laminate. Z-pins thermally connect the two

opposing surfaces sides of the composite and generate preferential paths for the heat flux in the

through-thickness direction. Figure 8.5 shows a sequence of cross-sectional FE images of the

temperature distribution for the unpinned laminate (Figure 8.5a) and for the same laminate

reinforced with copper and carbon fibre z-pins (Figure 8.5b) at different time intervals after

application of the heat pulse. It is shown that the z-pins significantly altered the heat flow rate

and distribution. This is shown schematically in Figure 8.6. The heat being transferred laterally

at the z-pin/laminate interface explains the gap between the numerical values and the values

predicted via rule-of-mixture (which does not account for z-pin/laminate heat transfer). This

behaviour is more significant when using metal z-pins (which have isotropic thermal properties).
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Figure 8.5. Cross-sectional temperature distribution for the (a) unpinned laminate and z-pinned
composites with (b) copper and (c) carbon fibre z-pins. The z-pinned composites were reinforced
with copper or carbon fibre z-pins at a volume content of 5%. The heat pulse was applied to the left
side of the laminates.
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Figure 8.6. Thermal conductivity mechanism for z-pinned laminates reinforced with (a) metal and
(b) carbon fibre z-pins. The arrows indicate the heat flow direction.

When using carbon fibre composite z-pins the mismatch between numerical and predicted values

becomes almost irrelevant because of the low heat transferred at the pin/laminate interface. This

is due to the fact that even though z-pins have good axial thermal properties their low transverse

thermal properties do not allow for significant z-pin/laminate interface heat conduction which

limits the global through-thickness heat conduction.

The FE model also revealed that z-pins do not significantly alter the in-plane thermal properties

of the laminates, as shown in Figure 8.7. This is because the z-pins are discrete and localised in

the lateral direction, and consequently there is not significant heat conduction through the

unpinned regions.
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Figure 8.7. Effect of volume content and material properties of z-pins on the (a) longitudinal and (b)
transverse thermal diffusivity for the unpinned and z-pinned laminates.The solid curves are lines of
best fit. The thermal diffusivity for the laminates reinforced with titanium or stainless steel z-pins
was similar to the carbon fibre z-pins.
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8.5 Conclusions

The effects of the volume content and thermal properties of z-pins on the through-thickness and
in-plane (longitudinal and transverse) thermal diffusivity of carbon-epoxy laminate were
numerically investigated. The through-thickness thermal diffusivity increased linearly with the
volume content and thermal conductivity of the z-pins because of the creation of highly
conductive paths through the material. However, z-pins are ineffective at improving the in-plane
thermal properties of laminates. More work is needed in order to investigate the heat exchange
at the z-pin/laminate interface and the effect of the z-pin pattern distribution and other
parameters such as offset angle of insertion and geometry of the z-pins in order to maximise the
thermal conductivity properties whilst retaining satisfactory mechanical and electrical

properties.
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Chapter 9: Conclusions and Further Research

9.1 Summary

This PhD thesis has presented an experimental study into carbon-epoxy laminates reinforced in
the through-thickness direction with z-pins. Research into the delamination fracture toughness,
delamination fatigue resistance and impact damage tolerance was presented, and showed that z-
pinning is an effective technique at improving these properties. Through a combination of friction
and adhesion, z-pin lock the laminate plies together exercising bridging traction loads across
delamination cracks which resist their further propagation. The effectiveness of z-pins at
improving the through-thickness electrical conductivity and thermal diffusivity of carbon-epoxy
laminates was also assessed through experimental and/or numerical investigations. Compared
to the host laminate, z-pins have high electrical and thermal conductivities which create

preferential paths for current and heat flow through-the-thickness.

9.2 Conclusions

9.2.1 Damage tolerance of z-pinned composites

The first part of this thesis has presented an experimental study into the improvements to the
interlaminar fracture toughness and delamination fatigue resistance of z-pinned composites
subjected to mode II static and cyclic loading conditions. The research showed that z-pins are
effective at improving the mode II delamination toughness (up to 10 fold) and the fatigue
resistance of carbon-epoxy laminates. The effect of the material properties, volume content,
length and diameter of the z-pins was investigated. Irrespective of the material used for the z-
pins, the mode II fracture toughness was increased due to the formation of a large-scale bridging
zone along the delamination crack, although the carbon fibre z-pins were more effective than the
metal pins. The mode II fracture toughness also increases with the volume content and diameter
of the z-pins up to limiting values. The toughness increases when the z-pin length is reduced
because of a transition in the crack bridging toughening mechanism. Irrespective of the volume
content and diameter of z-pins, the carbon fibre z-pins within the bridging zone fail via complex
processes which, with increasing crack sliding displacement, involve interfacial debonding,
splitting and shear fracture. Because of small lateral displacement induced during the ENF test,
metal z-pins did not fail and instead show partial debonding from the laminate and localised

plastic shear deformation. The z-pins pull-out at short lengths and rupture at long lengths.
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The mode II fatigue resistance was also increased by the carbon fibre and metal z-pins.
Irrespective of the z-pin material used, the fatigue strength was improved especially at the low
(AGn <0.5 KkJ/m?) and high (AGu >1 kJ/m?2) cyclic strain energy release rate values. The
delamination fatigue resistance was increased with increasing volume content, diameter and
decreasing length of z-pins which slowed the crack growth rate. Z-pins increase the mode Il
fatigue resistance by generating a large-scale extrinsic bridging zone along the fatigue crack. The
metal z-pins plastically deformed close to the delamination crack plane by localised cyclic shear
flow, but did not fail. The carbon fibre z-pin, permanently deformed close to the crack plane and
eventually fractured under cyclic shear loading. Despite these differences in the fatigue responses
between the metal and carbon fibre z-pins, this did not change significantly their capacity to
increase the mode Il delamination failure resistance (exceptatvery low and high AGy values when

the carbon fibre pins were slightly better).

The work presented has proven that the amount of improvement is controlled from several
parameters such as volume content, length, diameter and material properties of z-pins. Loading
conditions also affect the performance and failure mechanism of z-pinned laminates. Reported in
this thesis was a study on the interlaminar fracture toughness and fatigue resistance properties
of z-pinned laminates subjected to mixed-mode I/l interlaminar loadings. When increasing the
mode I component, both the delamination toughness and fatigue resistance were improved, and
this was due to a transition in the toughening mechanisms. Z-pins are more effective under mode
[ than mode II because of their capacity to generate higher traction energy associated with pull-

out, caused by high friction forces as the pins slide against the laminate.

The effects of the length and material properties of z-pins on the impact damage resistance and
compression-after-impact properties was also experimentally investigated. This and other
studies have proven that z-pinning is an effective technique to reduce the amount of impact
damage and minimise the reduction to the in-plane compression-after-impact properties of
carbon-epoxy laminates. Results showed that the z-pins reduce the amount of impact damage by
up to about 50% and improved the post-impact compressive strength by about 20%. Z-pins are
effective in reducing the impact damage because of the greater amount of energy absorbed by the
elastic deformation, debonding and partial pull-out of pins. Increasing the impact energy
increases the reduction to the impact damage due to the development of a large-scale bridging

zone. The material properties of z-pins do not affect significantly the impact damage resistance
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of the laminates. The pre-impact compressive strength and failure mode of the composites were

not affected significantly by z-pins.

9.3 Electrical and Thermal Properties of Z-Pinned Composites
This PhD project extended the concept of using z-pinning to provide carbon-epoxy laminates with
increased through-thickness electrical conductivity (including damage detection) and thermal

conductivity properties.

Experimental tests showed that z-pins are capable of improving the through-thickness electrical
conductivity by up to about 6 orders of magnitude. The conductivity increases with the volume
content and electrical conductivity of z-pins. The through-thickness conductivity is increased by
z-pins creating preferential paths for current flow. However, z-pins had a slight adverse effect on
the in-plane electrical conductivity transverse to the fibre direction and this is due to dielectric
resin-rich regions surrounding the pin sites disrupting the current flow. The suitability of z-pins
for in-situ detection of delamination damage detection was also investigated. The measured
through-thickness electrical resistance increases with the mode I delamination crack length. Due
to a different conductive mode, the changes in resistivity were larger for the z-pinned laminates
compared to the unpinned composite potentially making the delamination detection easier when

using z-pins.

A numerical investigation was performed into the effects of the volume content and thermal
properties of z-pins on the thermal diffusivity of z-pinned laminates. The through-thickness
thermal diffusivity increased linearly with the volume content and thermal diffusivity of the z-
pins, which create conductive paths for heat flow through the laminate. However, the z-pins were
ineffective at increasing the in-plane (longitudinal and transverse) thermal properties of

laminates.

To summarise, this PhD project experimentally characterised a novel multi-functional carbon
fibre-epoxy laminate that uniquely combines high delamination resistance with increased
thermal and electrical conductivities which can be tailored by judiciously choosing the volume

content, diameter, length and material of the z-pins.

9.4 Future Research
For almost 20 years, z-pinning have attracted significant interest from researchers and the

composite industry. There is a large body of experimental and numerical work that has
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investigated the benefits and drawbacks with z-pins leading to a deeper understanding into their
delamination strengthening efficiency and mechanisms, impact damage tolerance and in-plane
mechanical properties of carbon fibre epoxy laminates. This PhD project has broadened this
knowledge by analysing the static, fatigue and impact properties of z-pinned laminates under
loading conditions that were not comprehensively studied. Preliminary studies into the
suitability of z-pins at providing polymeric matrix composites with improved through-thickness
electrical and thermal properties were performed. However, more research into z-pinned multi-

functional composites is needed.

Models have been developed to predict the delamination toughness under mode I and mode II
loading conditions, elastic properties and compressive strength, but there are no models that can
predict the delamination fatigue performance of z-pinned laminates. Research towards the
development of delamination fatigue model is needed which considers the effects of the volume
content, diameter, length and material properties of z-pins. More research is also needed to

further investigate the effect of z-pins on the electrical and thermal properties of composite.
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